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ABSTRACT 
Mesozoic Burial, Mesozoic and Cenozoic Exhumation of the Funeral Mountains 
Core Complex, Death Valley, Southeastern California 
by 
Mengesha A. Beyene 
Dr. Michael L. Wells, Examination Committee Chair                                                              
Professor of Geoscience                                                                                                
University of Nevada, Las Vegas 
The Funeral Mountains of Death Valley National Park, CA, provide an opportunity to 
date metamorphism resulting from crustal shortening and subsequent episodic 
extensional events in the Sevier hinterland.  It was not clear whether crustal shortening 
and thus peak temperature metamorphism in the hinterland of the Sevier-Laramide 
orogenic wedge have occurred whether in Late Jurassic, Early Cretaceous , Late 
Cretaceous or somewhere between.  Particularly ambiguous is the timing of crustal 
shortening in the deep levels of the hinterland of the Sevier belt, now manifest in the 
metamorphic core complexes, and how and when these middle-to-lower crustal rocks 
were exhumed.  A 6-point garnet and a whole rock Savillax isochron from middle 
greenschist facies pelitic schist of the southeastern Funeral Mountains core complex 
yields an age of 162.1 ± 5.8 Ma (2σ).  Composite PT paths determined from growth-zoned 
garnets from the same samples show a nearly isothermal pressure increase of ~2 kbar at 
~490°C, suggesting thrust burial at 162.1 ± 5.8 Ma. A second sample of Johnnie Formation 
from the comparatively higher metamorphic grade area to the northwest (East of Chloride 
Cliff) yielded an age of 172.9 ± 4.9 Ma (2σ) suggesting an increase of thrust burial age 
towards the higher grade rocks (northwest part of the core complex), consistent with 
paleo-depth interpretation and metamorphic grade.  40Ar/39Ar muscovite ages along 
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footwall of the Boundary Canyon detachment fault and intra-core Chloride Cliff shear 
zone exhibit significant 40Ar/39Ar muscovite age differences.  For samples from the 
immediate footwall of BCD, the pattern of ages decreasing toward the northwest is 
consistent with differences in depth of metamorphism, and for Late Cretaceous, top-to-
northwest exhumation by motion along the precursor BCD; consistent with mesoscopic 
and microscopic kinematic studies.  Samples from the footwall of the structurally-lower 
Chloride Cliff shear zone yield Tertiary 40Ar/39Ar muscovite ages (53 to 29 Ma) and 
interpreted to reflect a more youthful age of extensional ductile deformation confined 
along the CCSZ.  (U-Th)/He analyses on detrital zircon (ZrHe) from quartzite samples 
collected along the footwall of the BCD along the same transect as the 40Ar/39Ar samples 
revealed inception of the Miocene BCD at at ~ 10-11 Ma.  A slip rate of 8.5 ±2.0 km/Ma 
was determined excluding three analyses that significantly deviate from the regression 
line.  This study indicate that the core rocks of the Funeral Mountains were buried during 
Late Jurassic, and then slowly exhumed, probably by erosion between 152 and 90 Ma, 
and then more rapidly exhumed initially by movement along the precursor of the BCD 
during Late Cretaceous.  Following a hiatus of tectonic activity, exhumation resumed 
during late early Tertiary with deformation likely confined along discrete ductile shear 
zones. The latest period of motion along the BCD and thus the final exhumation of 
metamorphosed core rocks in the Funeral Mountains has initiated ~11-10 Ma and likely 
ceased around ~6 Ma, consistent with ages of motions of detachment faults and 
exhumation of footwall rocks in the surrounding mountain ranges. 
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CHAPTER 1 
DISSERTATION SUMMARY 
Although the timing of the classic Sevier-Laramide fold-thrust belt is well 
characterized through extensive study, the timing of burial and exhumation of the 
metamorphic rocks in hinterland is less well understood. Particularly ambiguous is the 
timing of crustal shortening in the deep levels of the hinterland of the Sevier belt, now 
manifest in the metamorphic core complexes, and how and when these middle-to-lower 
crustal rocks were exhumed. The Funeral Mountains of Death Valley National Park, CA, 
provide an opportunity to date metamorphism resulting from crustal shortening and 
subsequent episodic extensional events in the Sevier hinterland.  It has remained 
controversial whether exhumation of the metamorphic core of the Funeral Mountains was 
accommodated by Late Cretaceous “intra-core” ductile shear zones, the Miocene 
Boundary Canyon detachment fault, or a combination of the two. 
This dissertation consists of three chapters, each crafted to address the different 
components of the tectonic history of the southeast tilted crustal section of the Funeral 
Mountains core rocks. Chapter 2 focuses on the timing and tectonic implications of 
crustal shortening and Barrovian metamorphism. An 40Ar/39Ar study of muscovite along 
the ~30 km footwall length of the Boundary Canyon detachment fault and along the 
footwall of the intra-core Chloride Cliff shear zone is the subject of Chapter 3. Chapter 4 
focuses on (U-Th)/He analyses on detrital zircon (ZrHe) from quartzite samples collected 
along the footwall of the Boundary Canyon detachment fault along the same transect as 
the 40Ar/39Ar samples. 
New Lu-Hf garnet geochronology of pelitic schist of the Johnnie Formation resolves 
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the age of the latest Barrovian metamorphism.  A 6-point garnet and a whole rock 
Savillax isochron from middle greenschist facies pelitic schist of the southeastern Funeral 
Mountains core complex yields an age of 162.1 ± 5.8 Ma (2σ).  Composite PT paths 
determined from growth-zoned garnets from the same samples show a nearly isothermal 
pressure increase of ~2 kbar at ~490°C, suggesting thrust burial at 162.1 ± 5.8 Ma.   
Samples collected along the length of the immediate footwalls of the BCD and 
Chloride Cliff shear zone exhibit significant 40Ar/39Ar muscovite age differences.  For 
samples from the immediate footwall of BCD, the pattern of ages decreasing toward the 
northwest is consistent with differences in depth of metamorphism.  In the southeast part 
of the range, age variations reflect a progressive degassing and rejuvenation of the argon 
systematics in detrital muscovite, as well as new metamorphic growth.  The continued 
decrease of ages towards the northwest reflects progressive cooling, with a robust 
signature of Late Cretaceous cooling suggesting exhumation during top-to-northwest 
motion along the precursor BCD; the latter observation is consistent with mesoscopic and 
microscopic kinematic studies.  Ages vary from pre-burial Proterozoic detrital ages in the 
southeast, through 121 Ma to 91 Ma cooling ages in the Stirling Quartzite towards to 
northwest.  Further northwest, where the BCD truncates the Stirling Quartzite, cooling 
ages vary from 75.0 Ma to 67.7 Ma in the subjacent Johnnie Formation.  The 40Ar/39Ar 
muscovite plateau ages (146.0 ± 1.1 and 152.6 ± 1.4 Ma) from the middle greenschist 
rocks situated southwest of zone 2 (Indian Pass area) are younger than the transition zone 
ages (zone 2) and the Lu-Hf age from the same area (162.1 ± 5.8 Ma), and are interpreted 
to reflect cooling ages probably due to erosion of a northwest tilted stratigraphy.  
Samples from the footwall of the structurally-lower intra-core Chloride Cliff shear zone 
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(CCSZ) yield Tertiary 40Ar/39Ar muscovite ages (53 to 29 Ma). These ages are interpreted 
to reflect a more youthful age of extensional ductile deformation confined along the 
CCSZ. Two samples (one from Monarch Canyon and the other from the Hells Gate area) 
that yielded 62 and 57 Ma 40Ar/39Ar ages are interpreted to reflect either local resetting 
by Late Cretaceous to Paleocene leucogranitic dikes and sills (Mattinson et al., 2007) or 
argon loss due to localized Tertiary ductile deformation. This study shows the importance 
of both Late Cretaceous and early-mid Tertiary deformation for the exhumation of 
metamorphosed mid-crustal core rocks of the Funeral Mountains to the surface, and calls 
for re-evaluating earlier studies in which exhumation of many core complexes was 
thought to have occurred solely along Miocene-age detachment faults.  
ZrHe ages reveal a pattern of ages decreasing towards the northwest, and capture the 
pre-Miocene extension partial retention zone. ZrHe ages range from 85 Ma in the 
southeast in rocks preserving detrital 40Ar/39Ar muscovite ages, to 7.4 Ma to the 
northwest in rocks recording 74 to 66 Ma 40Ar/39Ar muscovite cooling ages. All 10 
samples from the central and northwest portion of the study area, over an 18 km distance 
in the slip direction, vary from 7.4 to 9.3 Ma (with the exception of one age of 10.9 Ma) 
suggesting rapid late Miocene slip. An inflection in the array of ZrHe ages plotted against 
distance suggests inception of motion on the BCD at ~ 10-11 Ma.  A slip rate of 8.5 ± 2.0 
km/Ma was determined excluding three analyses that significantly deviate from the 
regression line. The timing constraints on the BCD motion are consistent with ages of 
footwall exhumation and motion on other detachment faults in the Death Valley region, 
including the Tucki Mountain detachment, the Harrisburg detachment and Eastern 
Panamint fault of the Panamint Range, the Black Mountains fault bounding the Mormon 
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Point, Copper Canyon, and Badwater turtlebacks, the Fluorspar Canyon detachment of 
the Bare Mountain and the Bullfrog detachment of the Bullfrog Hills, and the Silver 
Peak-Lone Mountain detachment of Mineral Ridge. The BCD lacks lithified deposits that 
overlie the fault trace.  However, the apatite fission track age (~ 6 Ma) from the footwall 
of the BCD indicates cooling through ~100°C, and thus some slip may have postdated 6 
Ma. Unless the age of initiation of the Eastern California shear zone (ECSZ) is older than 
currently recognized (~6-5 Ma), motion on the BCD in the Funeral Mountains core 
complex may not be kinematically linked to the ECSZ. 
Preservation of Late Cretaceous muscovite ages from the furthest down-dip position 
in the footwall of the BCD, indicates that the Miocene BCD in the Funeral Mountains 
exhumed core rocks from only a modest depth. It is suggested that Miocene motion may 
have reactivated a pre-existing west /northwest dipping precursor Late Cretaceous BCD 
during Pacific-North America transform motion. This study, as well as previous fault 
offset studies in the area, indicate that both the Late Cretaceous and Miocene motions 
along the BCD were similar, and displaced the hanging wall to the west/northwest 
relative to the footwall. 
In summary, this study indicates that the core rocks of the Funeral Mountains were 
buried during the Late Jurassic, and then slowly exhumed, probably by erosion between 
152 and 90 Ma, and then more rapidly exhumed initially by movement along the 
precursor of the BCD during the interval of 75.0 ± 0.7 Ma to 67.7 ± 0.4 Ma. Exhumation 
resumed during late early Tertiary with deformation likely confined along discrete ductile 
shear zones. The latest period of motion along the BCD and thus the final exhumation of 
metamorphosed core rocks in the Funeral Mountains has initiated ~11-10 Ma and likely 
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ceased around ~6 Ma, consistent with ages of motions of detachment faults and 
exhumation of footwall rocks in the surrounding mountain ranges. 
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CHAPTER 2 
TIMING AND TECTONIC IMPLICATIONS OF CRUSTAL SHORTENING 
AND BARROVIAN METAMORPHISM IN THE FUNERAL 
MOUNTAINS, DEATH VALLEY 
Abstract 
New studies in the Funeral Mountains core complex of Death Valley National Park 
improve our understanding of the timing of thrust burial in the “Sevier” hinterland. The 
Funeral Mountains comprises a tilted crustal section of metasedimentary rocks that 
exhibit a metamorphic field gradient from upper amphibolite facies metamorphic rocks in 
the northwest to lower greenschist facies rocks to the southeast. The age of peak 
metamorphism, whether Jurassic, early Cretaceous, or Late Cretaceous has remained 
controversial. New Lu-Hf garnet geochronology of schist of the Johnnie Formation 
resolves the age of the latest Barrovian metamorphism. A 6-point garnet and a whole 
rock isochron from middle greenschist facies pelitic schist of the southeastern Funeral 
Mountains core complex yields an age of 162.1 ± 5.8 Ma (2σ). Composite PT paths 
determined from growth-zoned garnets from the same sample show a nearly isothermal 
pressure increase of ~2 kbar at ~490°C, suggesting thrust burial at 162.1 ± 5.8 Ma. A 
second sample of Johnnie Formation from the comparatively higher metamorphic grade 
area to the northwest (East of Chloride Cliff) yielded an age of 172.9 ± 4.9 Ma (2σ) 
suggesting an increase of thrust burial age towards the higher grade rocks (northwest part 
of the core complex), consistent with paleo-depth interpretation and metamorphic grade. 
The current overburden estimated from a reconstructed cross-section (~15 km) is 
consistent with the minimum depth estimate of ~13.5 km for rocks from the southeastern 
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portion of the core complex (Indian Pass), but not consistent with depth estimates for 
higher grade rocks to the northwest (~17-27 in Chloride Cliff and 27- 32 km in Monarch 
Canyon). This is explained by burial from a wedge-shaped allochton that included 
basement, that once lay between the underlying older Proterozoic sedimentary rocks that 
comprises rocks of the Monarch Canyon and Chloride Cliff and the overlying younger 
Proterozoic rocks (Johnnie Formation), and with a basal décollement for the thrust belt at 
the base of the wedge. We postulate that this basement wedge may have been removed 
mainly by movement along a west-dipping normal fault (precursor Boundary Canyon 
detachment fault?) reactivated along a preexisting basal decollement during Late 
Cretaceous time. 
Recognition of Late Jurassic tectonic burial in the Death Valley region from exhumed 
rocks in the Funeral Mountains suggests that the spatial distinction between “Sevier” and 
western older Jurassic deformation provinces evident further north in the Great Basin 
becomes obscured to the south as the magmatic arc and the miogeoclinal hinge line 
converge. The similarity of Lu-Hf garnet growth ages from the middle-greenschist facies 
Johnnie Formation in the Funeral Mountains with ages for the Nevadan orogeny and 
older “Sevier” hinterland thrust belts (ESTS and LFTB) emphasizes the importance of 
Jurassic tectonics for regional crustal deformation in the western North America. 
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Introduxction 
Eastward subduction of oceanic plates beneath the western margin of the North 
American plate during the Jurassic to early Cenozoic resulted in development of the 
Mesozoic Cordilleran magmatic arc, its forearc basin, and the Franciscan accretionary 
complex (e.g., Hamilton, 1969; Dickinson, 1976; Saleeby and Busby-Spera, 1992; 
Wakabayashi, 1992; Coleman, 2000; Ducea, 2001; Dumitru et al., 2010; Wakabayashi et 
al., 2010) (Fig. 1).  While the timing of arc magmatism, forearc basin sedimentation, and 
Franciscan metamorphism are increasingly well understood (Ducea, 2001; Coleman, 
2000; Wakabayashi, 1992; Wakabayashi et al., 2010; Dumitru et al., 2010) our 
understanding of the timing of episodic contractional deformation in the retroarc region 
remains incomplete.  Shortening is mostly concentrated in discrete zones such as the 
Jurassic Luning–Fencemaker thrust belt and East Sierran thrust system, and the 
Cretaceous to Paleogene Sevier-Laramide fold-and-thrust belts (Speed et al., 1988; Wyld, 
2002; Dunne and Walker, 2004; DeCelles and Coogan, 2006).  Particularly ambiguous is 
the timing of crustal shortening in the deep levels of the hinterland of the Sevier belt, now 
manifest in the metamorphic core complexes.  These rocks undoubtedly underwent 
significant crustal thickening as Barrovian metamorphism of Late Precambrian pelites 
commonly record peak pressures of 8-10 kbar (Hoisch and Simpson, 1993; Lewis et al., 
1999; McGrew et al., 2000;  Harris et al., 2007) indicating an additional 14-18 km of 
tectonic burial beyond sedimentary thickness. Crustal shortening in the Sevier hinterland 
probably began prior to the oldest shortening represented in the western thrusts of the 
fold-thrust belt, including the Willard Canyon Range and Wheeler Pass thrusts which 
each carry thick succession of proterozoic and Paleozoic rocks. Motion on these 
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quartzite-dominated thrust sheets to the north is broadly constrained to the Early 
Cretaceous (DeCelles, 2004). 
Although the timing of the classic Sevier-Laramide fold-thrust belt has been well 
studied, particularly in the Idaho-Utah-Wyoming segment, the timing of older back-arc 
thrust zones of the Sevier-Laramide hinterland is less well understood.  Retroarc thrusting 
along the fold-thrust belt of the Sevier orogen initiated either late in the Early Cretaceous 
(Heller et al., 1986; Yingling and Heller, 1992; DeCelles et al., 1995; Dickinson, 2000), 
in the Late Jurassic (Currie and DeCelles, 1996; Fuentes et al., 2009), or somewhere 
between.  Existing constraints on the timing of shortening and burial metamorphism in 
the hinterland of the Sevier belt do not clarify this discrepancy (Hudec, 1992; Wells, 
1997; Camilleri and Chamberlain, 1997; Lewis et al., 1999; McGrew et al., 2000; Taylor 
et al., 2000; Dunne and Walker, 2004; Harris et al., 2007; Hoisch et al., 2008; Wyld, 
2009). 
The Funeral Mountains of Death Valley National Park, southeastern California 
provide an opportunity to date metamorphism resulting from crustal shortening in the 
Sevier hinterland (Fig. 1). The Funeral Mountains comprise a tilted crustal section of 
metasedimentary rocks that exhibit a metamorphic field gradient from upper amphibolite 
facies metamorphic rocks in the northwest to lower greenschist facies rocks to the 
southeast, suggesting differential burial.  The Funeral Mountains represent a 
metamorphic core complex exhibiting midcrustal levels of the hinterland of the Sevier 
orogenic wedge that have been exhumed in both the Mesozoic and Cenozoic time 
(Hoisch and Simpson, 1993; Applegate and Hodges, 1995). Rocks of the core complex 
contain suitable minerals to determine the timing of metamorphism in the Sevier 
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hinterland, which when coupled with P-T paths, can help to resolve discrepancies in the 
age of thrust burial. 
The age of metamorphism and age of thrust burial in the Funeral Mountains have 
proven difficult to resolve. Previous workers in the Funeral Mountains (Dewitt et al., 
1988; Hodges and Walker, 1990; Holm and Dokka, 1991; Applegate et al., 1992; Hoisch 
and Simpson, 1993; Applegate and Hodges, 1995; Mattinson et al., 2007) suggested that 
Proterozoic and Neoproterozoic metasediments (e.g., Wright and Troxel., 1993; 
McAllister, 1971) were metamorphosed during Mesozoic Sevier orogenesis, based on 
geochronological studies from higher grade portions of the core complex (Monarch 
Canyon). However, these previous studies have failed to resolve the timing of thrust 
burial, and estimates for the age of peak metamorphism range from Jurassic to Late 
Cretaceous.  Challenges in resolving these discrepancies include: (1) excess argon in 
hornblende (DeWitt et al., 1988; Applegate, 1994); (2) highly discordant U-Pb ages 
(Applegate, 1994), (3) the preponderance of young cooling and/or thermal resetting ages, 
rather than growth ages, as represented in 40Ar/39Ar mica ages from the deep structural 
levels of the basement complex adjacent to granitic intrusions (Applegate, 1994). 
Furthermore, the lower grade rocks in the southeast portion of the core complex have not 
been the target of geochronologic studies; these rocks are potentially ideal to study the 
age of metamorphism using Lu-Hf garnet and 40Ar/39Ar geochronology.  
Lu-Hf geochronology of metamorphic garnet is a more suitable approach for 
determining the age of thrust burial metamorphism than any other isotopic system used 
by previous workers in the area. First, the timing of thrust burial (t) can be determined on 
the same samples in which P-T paths are determined, and allow P-T and t information to 
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be linked to construct P-T-t paths.  For our analyses, we used the same samples in which 
P-T paths were previously determined (Styger, 2008) by thermodynamic numerical 
simulations of garnet growth based on Duhem’s theorem (Styger, 2008).  Second, the 
study of Scherer et al. (2000) drew a qualitative conclusion that the closure temperature 
(Tc) of the Lu-Hf system in garnet (700 ± 50 °C ) is higher than that of Sm-Nd in the 
same sample, thus fulfilling a requirement in using geochronometers to date prograde 
metamorphism, in that the isotopic closure temperature must exceed the peak 
metamorphic temperatures (~ 490°C).  A higher closure temperature was estimated for 
the Lu-Hf system in garnet (~ 900°C) based on a study of mafic and felsic granulites 
(Anczkiewicz et al., 2007).  U-Pb zircon dating (TC > 900°C) is usually the preferred 
choice in granulite facies rocks due to extremely high temperature conditions (Dahl, 
1997; Cherniak and Watson, 2003); however, a U-Pb zircon age is also often difficult to 
interpret within the context of a metamorphic event because of the difficulty of 
correlating an isotopic age to a particular part of the P-T path (Anczkiewicz et al., 2007).  
The TC of the Lu-Hf system in garnet is believed to be sufficiently high such that Lu-Hf 
garnet ages record the age of garnet growth in amphibolite facies and low-grade eclogite 
rocks (Scherer et al, 2000). 
This study is part of collaborative project with Dr. Thomas Hoisch and MS student 
Sheena Styger of the Northern Arizona University; we integrate the P-T results of their 
studies in this paper. The purpose of this research is: (1) primarily, to date the timing of 
thrust burial and/or early exhumation by dating garnet growth using Lu-Hf 
geochronology on the same samples for which P-T paths have already been determined, 
(2) to address what structure(s) might have been responsible for burial of rocks to depths 
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of 15-32 km in the Funeral Mountains, and (3) to compare the age of thrusting in the 
Funeral Mountains, determined to be 162.1 ± 5.8 Ma (2σ), with available ages of other 
zones of back-arc shortening, events in the forearc and magmatic arc, and the enigmatic 
Nevadan orogeny; more broadly, the importance of Jurassic deformation is evaluated for 
the development of the western Cordillera. 
Background on Jurassic tectonics and events in the western US Cordillera 
Westward movement of the North America plate, resulting from mid-Atlantic 
spreading, and coeval subduction of oceanic plates beneath the western margin of the 
North American plate, led to the beginning of a coherent Cordilleran orogenic belt during 
Jurassic time (e.g., Coney and Evenchick, 1994; DeCelles, 2004). Our understanding of 
Jurassic western Cordilleran tectonics requires integration and synthesis of: (1) 
deformation belts in the back arc region including the Luning-Fencemaker thrust belt 
(LFTB) (e.g., Oldow, 1984, Wyld et al., 2001; Wyld, 2002) and the East Sierran thrust 
system (Dunne and Walker, 2004), (2) Jurassic tectonic elements of the forearc region 
including the Coast Range Ophiolite (CRO), the Franciscan Complex, and the Great 
Valley Sequence, (3) initiation of Franciscan subduction (Wakbayashi, 1990; 
Anczkiewicz et al., 2004) and ridge collision and the Nevadan orogeny (Schweickert et 
al., 1984; Tobisch et al., 1989; Shervais et al., 2005), and (4) arc-arc and terrane-
continent collision in the Blue Mountains province of northeastern Oregon (Dorsey and 
LaMaskin, 2008). Back arc Jurassic deformation, forearc events, and the Nevadan 
orogeny are described separately below and summarized in Table 1. 
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Back arc deformation 
The back arc region of the southwestern U.S. Cordillera underwent contractional 
deformation during Jurassic time, and most of this deformation is thought to be 
concentrated along fold-thrust belts such as the Luning-Fencemaker fold-thrust belt, the 
East Sierran thrust system, and the Central Nevada thrust belt and associated shortening 
manifested in the metamorphic core complexes of the Great Basin (Figs. 1 and 2) (Speed 
et al., 1988; Taylor et al., 1993; Camilleri and Chamberlain, 1997; Dunne and Walker, 
2004; DeCelles and Coogan, 2006). Other studies suggest arc provinces of the U.S. 
Cordillera experienced significant Jurassic shortening in the time span ranging from ~ 
200 to 150 Ma, depending on location in the arc (e.g., Walker et al., 1990; Dunne and 
Walker, 1993; Girty et al., 1995; Quinn et al., 1997; Coleman, 2000; Ducea, 2001; 
Dumitru et al., 2010). 
The Luning-Fencemaker thrust belt (LFTB) is considered one of the major fold-thrust 
belts in the western U.S. back-arc region, and accommodated significant Middle Jurassic 
to Early Cretaceous shortening over a strike length of 400 km (Oldow, 1984; Wyld, 
2002). The LFTB is bounded by the magmatic arc to the west and the continental shelf to 
the east, and emplaced basinal rocks upon autochthonous shallow-marine shelf facies by 
top-to-the-east tectonic transport (e.g., Speed, 1978; Oldow, 1984; Wyld, 2002). Four 
phases of deformation are recognized in the LFTB; however, the earlier (“D1 and D2”) 
deformation events accommodated most of the strain. The D1 deformation event is the 
older and predominant NW-SE directed deformational event responsible for structural 
closure of the back-arc basin, which was filled with lower Mesozoic deep marine 
sedimentary rocks. The D1 deformation event accommodated ~75% of the total strain and 
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was accompanied by lower greenschist facies metamorphism, whereas D2 deformation is 
much less extensive, exhibits only minor shortening in the eastern margin of LFTB, and 
was not accompanied by metamorphism (e.g., Oldow 1984; Wyld et al., 2003). Exposed 
rocks in the northern LFTB were buried to depths of 7-14 km by structural thickening 
during development of the fold-thrust belt (Wyld et al., 2003).  Wyld et al. (2009) 
suggested that deformation of the back arc basinal terrane progressed eastward over time 
from 190 Ma to ≥164 Ma (Early to Middle Jurassic), before the emplacement of 168-153 
Ma plutons (Wyld and Wright, 2000).  
The East Sierran thrust system (ESTS) is an anastomosing, northeast-verging 
contractional deformation zone that extends about 150 km parallel to the eastern margin 
of the Sierran magmatic arc between the Garlock fault to the south and the Inyo 
Mountains to the north (Dunne and Walker, 2004).  Studies of several contractile 
structures in the central Mojave Desert (e.g., Cronese Hills, Walker and Martin, 1991) 
suggest that the East Sierran thrust system continues south of the Garlock fault into the 
Mojave block (Walker et al., 1990; Walker and Martin, 1991; Dunne et al., 1998), 
increasing the strike length of the ESTS to  >225 km. The thrust belt has a maximum 
width of 20 km to the north in the southern Inyo Mountains and Alabama Hills and 
exhibits a deformation intensity gradient across the belt, strongest along the western 
margin of the belt adjacent to the magmatic arc and decreasing irregularly to the 
northeast. Thickness of the belt decreases to the southeast, to as little as 4 km in width in 
the central Argus Range (Dunne and Walker, 2004).  This thrust belt truncates older 
Paleozoic thrusts and the miogeoclinal stratigraphic trends south of the Inyo Mountains 
(Dunne, 1986), and parallels the magmatic arc trends.  
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The timing of deformation in ESTS is constrained by the age of plutons and volcanic 
rocks that have cross-cutting relationships with thrusts (Dunne and Walker, 2004). 
Deformation in the ESTS is subdivided into three deformation intervals: (1) an “Early” 
interval of deformation (~188 to 173 Ma), (2) a “Middle” interval of deformation (>169 
to <152 Ma), and (3) a “Late” interval of deformation (< 152 Ma to >148) (Dunne et al., 
1998; Dunne and Walker, 2004).  The “Early” deformation involved folding and thrust 
faulting and was followed by the deposition of Early Triassic strata. The “Middle” 
interval deformation event deformed volcanic and volcaniclastic rocks (Dunne et al., 
1998). Deformation of the “Late” interval in the ESTS is thought to have caused tilting 
and folding of the Inyo Mountains Jurassic section. This episode of deformation is 
bracketed between deposition of the youngest preserved strata (< 152 Ma) and 
emplacement of Independence dikes (148 Ma) (Dunne and Walker, 2004). The ESTS in 
the Mojave Desert is constrained at 166-155 Ma (Middle to Late Jurassic) (Walker et al., 
1990, 2002). The East Sierran thrust system (ESTS) is correlative in timing to, and may 
represent the southeast strike-continuation of, the LFTB of central Nevada (Dunne and 
Walker, 2004; DeCelles and Coogan, 2006).   
The central Nevada thrust belt (CNTB) lies between the LFTB to the west and the 
classic Sevier foreland-fold-and-thrust belt to the east (Fig. 1).  The CNTB is a north-
south trending fold-and-thrust belt that can be traced for a distance greater than about 400 
km, except locally where interrupted by Cenozoic normal faults (Taylor et al., 2000). 
Total shortening in the CNTB is estimated between 10 and 15 km; if correct, this makes 
the CNTB a minor player in hinterland shortening (Camilleri and Chamberlain, 1997; 
DeCelles, 2004). Timing of the CNTB is poorly constrained (Taylor et al., 2000) by a 
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single radiometric age of ~ 85-100 Ma (U/Pb, zircon) on a post-tectonic intrusion. Based 
on this, Taylor et al. (2000) suggested that the thrusts in the CNTB may be older than the 
foreland fold-thrust belt. 
Farther north, metamorphic terranes in the hinterland of Sevier thrust belt show 
evidence of both Late Jurassic and early Cretaceous shortening and metamorphism 
(Camilleri et al., 1997, Wells, 1997, Harris et al., 2007; Cruz-Uribe et al., 2007, 2008). 
Metamorphic rocks record tectonic burial of miogeoclinal rocks to depths of up to 30 km 
and represent a localized area of large-magnitude crustal thickening (Camilleri et al., 
1997). However, thrust faults responsible for tectonic burial in this region are thought to 
have been largely excised by Late Cretaceous and Tertiary normal faults and shear zones. 
Evidence of Late Jurassic contractional deformation was reported from Pilot and Toano-
Goshute ranges (Camilleri et al., 1997). Immediately northeast of the Pilot range, Late 
Jurassic to Early Cretaceous thrust burial and metamorphism was documented in the Raft 
River-Albion-Grouse Creek metamorphic core complex (Wells, 1997; Cruz-Uribe et al., 
2007, 2008; Harris et al., 2007).  Lu-Hf garnet dating of burial-related garnet growth in 
the Raft River Mountains yielded a Late Jurassic age of 149.9 ± 1.2 Ma (Cruz-Uribe et 
al., 2007, 2008). Lu-Hf garnet dating of P-T paths from the schist of Mahogany Peaks in 
the Albion Range, Idaho, yielded Early Cretaceous ages of 138.7 ± 0.7 to 132.1 ± 5.1 Ma 
(Cruz-Uribe et al., 2007, 2008).   
The spatial and temporal proximity of back-arc deformation belts, particularly the 
East Sierran thrust belt and the Luning-Fencemaker thrust and fold belt, with intra-arc 
deformation, suggests a common cause for deformation. Plate margin stresses transmitted 
across the plate boundary due to rapid, perhaps oblique, convergence between the North 
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America plate and an oceanic plate(s) to the west and/or collision of outboard oceanic arc 
terranes with the North American plate margin, are proposed to be the cause of both back 
arc and intra-arc Jurassic deformation (e.g., Hamilton, 1969; Dickinson, 1976; Saleeby 
and Busby-Spera, 1992). 
Forearc Jurassic events 
Jurassic tectonic elements of the forearc region, which are important toward 
understanding Jurassic western Cordillera tectonics, include the Coast Range Ophiolite 
(CRO), the Franciscan Complex, and the Great Valley Sequence. These rocks bear the 
record of the inception of Franciscan subduction, which is critical to evaluating the 
chronology of proposed collision and non-collisional subduction regimes during the 
Jurassic. In the Coast Ranges of northern California, where Mesozoic spatial 
relationships are intact, the Franciscan complex is overlain by the CRO along the east-
dipping Coast Range thrust, and the CRO in turn is depositionally overlain by the forearc 
basin-filling Great Valley sequence (Platt, 1986). For our purpose, only the CRO and the 
Franciscan are considered.  
It still remains controversial whether the CRO predates or is coeval with the high-
grade mélange blocks of the structurally underlying Franciscan assemblage. According to 
Mattinson and Hopson (1992) and Shervais et al. (2005), formation of CRO (174-164 
Ma) predates the high-grade mélange blocks. Metamorphic ages on the high-grade 
mélange blocks of Franciscan assemblage vary from ~165 Ma to 160 Ma (e.g., 
Mattinson, 1988; Ross and Sharp, 1988). Ages on CRO from different locations along the 
strike length of the CRO generally vary from ~ 164 Ma to 174 Ma (e.g., Mattinson and 
Hopson, 1992; Shervais et al., 2005).  On the other hand, Anczkiewicz et al. (2004), 
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reported the oldest Lu–Hf garnet ages (168.7±0.8 and 162.5±0.5 Ma) from the high-grade 
mélange blocks (plagioclase-bearing garnet amphibolite) of the Franciscan assemblage, 
indicating the age of amphibolite facies metamorphism in the high-grade rocks is only 
slightly younger than the crystallization age of the 164–174 Ma Coast Range Ophiolite 
and associated rocks (Shervais et al., 2005; Hopson et al., 2008).  
There are still differences in views on the origin of the CRO and the Franciscan belt, 
and how they relate to each other and to the Nevadan orogeny (discussed below). 
Proposed models for the origin of CRO include: (1) formation at a mid-oceanic ridge at 
low latitudes during Middle Jurassic, followed by northward transport of the ridge, and 
accretion to western North America during Late Jurassic (Hopson et al., 1997), (2) 
formation as back arc-basin crust of an island arc that is thought to have accreted to North 
American continental margin during the Nevadan Orogeny (Late Jurassic) (Godfrey and 
Klemperer, 1998; Schweickert, 1997; Schweickert et al., 1984), and (3) formation in situ 
by forearc spreading above a sinking oceanic slab during the initiation of Franciscan 
subduction zone (Middle Jurassic), prior to the Nevadan orogeny (Shervais and 
Kimbrough, 1985; Shervais, 1990; Stern and Bloomer, 1992; Shervais et al., 2004). 
Shervias et al. (2005) suggested that the CRO formed as a consequence of a sinking 
slab (slab rollback) and forearc spreading during the initiation of a “proto-Franciscan 
subduction zone” (174-164 Ma). These authors further speculated that this subduction 
zone initiation was a consequence of a collision of an exotic arc to the Cordilleran margin 
at 185–174 Ma, leading to cessation of prior subduction (Shervais et al., 2005). 
Formation of the CRO culminated around 164 Ma due to ridge collision with an older 
island arc that was already sutured to the continental margin. This ridge-continental 
 19 
 
margin collision is thought to have resulted in initiation of the Late Jurassic Nevadan 
orogeny (Shervias et al., 2005). Recently, Wakabayashi et al. (2010) proposed that the 
CRO formed in a “suprasubduction-zone” tectonic setting generated above a west-
dipping subduction zone and emplaced during an east-dipping subduction zone. These 
authors also proposed that the high-grade Franciscan assemblage may have formed as 
thin sheets called “metamorphic soles” structurally beneath the suprasubduction-zone 
CRO. The CRO and the high-grade Franciscan rocks may have been formed above a west 
dipping subduction zone and later emplaced and metamorphosed, respectively, at the 
inception of east-dipping subduction beneath the CRO (Wakabayashi et al., 2010). 
Although Franciscan subduction is known to have continued into the Tertiary (Blake 
and Jones, 1981), the formation of high-grade metamorphic blocks in the Franciscan 
assemblage occurred very early in the history of Franciscan subduction and isotopic ages 
vary from 165 to 160 Ma (Mattinson, 1988), 169-163 Ma (Anczkiewicz et al., 2004), and 
169-132 Ma (Dumitru et al., 2010). If Mattinson’s ages are accurate, this period coincides 
with a period of ridge collision (164-160 Ma) (Shervias et al., 2005). On the other hand, 
if the Lu-Hf garnet ages of Anczkiewicz et al. (2004) (169-163 Ma) for the high-grade 
metamorphic blocks in the Franciscan assemblage are accurate, the period of ridge 
collision is apparently younger than high-grade metamorphic blocks ages. If the high-
grade metamorphic blocks in the Franciscan assemblage formed during a period of ridge 
collision (164-160 Ma) (Shervias et al., 2005), then it may be postulated that required 
elevated geotherms of the high grade of metamorphism resulted from elevated thermal 
gradients during collision (Shervias et al., 2005). 
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Nevadan orogeny 
The Nevadan orogeny affected approximately the entire ~ 1000 km long Jurassic belt 
extending from the Sierran foothills (western Sierra metamorphic belt) through the 
Klamath Mountains (Harper et al., 1994) but deformation was diachronous.  According to 
Edelman and Sharp (1989), the Nevadan orogeny includes all Late Jurassic deformation 
and represents a major fault, fold, and cleavage-forming event in the western Sierra 
Nevada metamorphic belt and Klamaths prior to the emplacement of the Late Cretaceous 
voluminous Sierra Nevada batholiths (McMath, 1996; Schweickert and Laheren, 1990; 
Coleman, 2000; Ducea , 2001; Dumitru et al., 2010). There remain differences in views 
on the timing, extent, and style of Nevadan deformations both in the Klamath Mountains 
and Sierra Nevada.  
Nevadan orogeny in the Klamath Mountains is characterized by closure of basins by 
thrust-faulting and subduction (Burchfiel et al., 1992). Crustal shortening and 
metamorphism were accommodated mainly by east-dipping (west-vergent) basal and roof 
thrusts of the Josephine-Galice terrane.  The “Nevadan” orogeny in the Klamath 
Mountains is bracketed between 154 Ma and 150 Ma (Burchfiel et al., 1992). Harper et 
al. (1994) proposed that deformation and metamorphism related to the Nevadan orogeny 
may have extended from 155 to 135 Ma, although they emphasized that most of the 
crustal shortening may have occurred from ~ 155 to 150 Ma. A recent study (Harper, 
2006) suggests that calc-alkaline dikes and sills (151-146 Ma) that intruded both the 
Galice Formation and its basement (Josephine ophiolite) are regionally metamorphosed 
and deformed, but some overprinted the slaty cleavage of Galice Formation, suggesting 
syntectonic intrusion. 
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In the Sierra Nevada, characterization of Jurassic structures as “Nevadan” remains 
ambiguous. Initially, Bateman et al. (1963) described the major Nevadan structural grain 
as a synclinorium with associated small folds in which the axial surface and associated 
penetrative slaty cleavage strikes northwest and extends for about 400 km along the 
length of the Sierra Nevada (Schweickert, 1978, 1981). There are still differences in 
views on the extent and importance of the “Nevadan” orogeny in the Sierra Nevada. In 
the northern Sierra, the Smartville intra-arc basin and its sedimentary cover (the Mariposa 
Formation) are thought to have experienced “Nevadan” deformation (east-directed thrust 
faulting) between 162 and 158 Ma. Edelman et al. (1989), however, considered the east-
directed thrusting as an older thrust and viewed the Nevadan orogeny as an intraplate 
event not associated with regional metamorphism. Further to the south (central Sierra 
Nevada), Tobisch et al. (1989) characterized two distinct patterns of Nevadan 
deformations: (1) pre-ductile, rigid-body rotation of beds (folding/faulting) between 161-
151 Ma, and (2) ductile deformation (e.g., Bear Mountains fault zone), characterized by 
cleavage formation associated with folds and lineation, mainly formed between 151 Ma 
and 145 Ma, but ductile deformation as young as 123 Ma was also documented (Tobisch 
et al., 1989). The ductile deformation is apparently entirely or partly Late Cretaceous and 
is thought to have been related to the emplacement of Jurassic plutonic suite between 
151-146 Ma (Tobisch et al., 1989). Tobisch et al. (1989) suggested that the timing 
constraints of the pre-ductile structures may correspond to the very late stage of Nevadan 
orogeny (155 ± 3 Ma), but the ductile structures postdate the orogeny by as much as 25-
30 Ma (Tobisch et al., 1989).  
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Burchfiel et al. (1992) proposed that Sierran and Klamath may have experienced the 
Nevadan orogeny differently due to opposite polarity of subduction and vergence of 
thrusting during basin closure. Burchfiel et al. (1992) suggested an unnamed east-west 
striking Sierran-Klamath transform that was formed after west-directed Middle Jurassic 
thrusting in both regions, prior to east-directed thrusting in the northwestern Sierras, may 
have enabled the Sierran and the Klamath to deform independently. Recent studies (Gray, 
2006) suggested that in both the Klamath Mountains and Sierra Nevada, Late Jurassic 
flysch deposits have undergone a regional folding event, producing at least one regionally 
consistent penetrative cleavage during greenschist-facies metamorphism. 
There remain differences in views on the mechanism of initiation and specific timing 
of the Nevadan orogeny. Earlier workers proposed arc-arc or arc-continent collision 
models for the initiation of the Nevadan orogeny (e.g., Ingersoll and Schweickert, 1986).  
However, many workers agree that this event post-dated suturing of the eastern and 
western arc terranes of the Sierra Nevada (e.g., Edelman and Sharp, 1989; Saleeby et al., 
1989; Tobisch et al., 1989), and thus question the validity of the older arc collision 
models. Subsequent studies view the Nevadan orogeny as a short lived but intense 
orogeny caused by enhanced plate coupling during rapid subduction (Burchfiel et al., 
1992) or more recently by collision between a spreading ridge and an older island arc 
already sutured to the continental margin (e.g., Shervias et al., 2005) during the Late 
Jurassic (155 ± 5 Ma).  Recently, Wakabayashi et al. (2010) proposed subduction 
termination (west-dipping) and initiation (east dipping) as the mechanism for formation 
of both the CRO and Franciscan complex. 
 23 
 
The Funeral Mountains may not have lain adjacent to the southern Sierra Nevada in 
Jurassic time, and probably lay adjacent to the northern Sierra or Klamath Mountains. 
Cretaceous intra-arc strike slip faults described in the Sierra Nevada, northwestern 
Nevada, and western Idaho, including the Mojave-Snow Lake fault of the Sierra Nevada 
(Schweickert and Lahern, 1990), the western Nevada shear zone, and the Salmon River 
suture zone of western Idaho to the north may have caused several hundred kilometers of 
dextral displacement. Wyld and Wright (2001) proposed that these three shear zones are 
segments of a single Cretaceous dextral shear zone that extends from the Mojave Desert 
to western Idaho. This strike-slip fault is thought to have accommodated dextral strike-
slip motion that displacement the terranes outboard of this boundary several hundreds 
kilometers to the north. Margin-parallel strike-slip faults in the upper plate of forearcs, 
are commonly formed during oblique subduction along convergent plate margins, 
especially when there is strong coupling between two plates and the upper plate is 
continental (Wyld and Wright, 2001). Timing of motion along this regional-scale right-
lateral strike slip fault is bracketed between ~ 150 and ~ 110-80 Ma using cross-cutting 
relationships of igneous rocks; the ~150 Ma Independence dike swarm is cut by the fault 
and ~110-80 Ma plutons intrude across the fault. Because of the similarity of the main 
phase Nevadan deformations ages in the Klamath Mountains (155-150 Ma) and the Sierra 
Nevada (161-151 Ma) and also due to the similar tectonic history of the two areas during 
Nevadan orogeny, reconstructing the Death Valley region either adjacent to Klamath 
Mountains or Sierra Nevada does not make significant difference interms of 
compatiability of tectonic events to a first order. Restoration of displacement along the 
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Cretaceous strike slip fault system places the Death Valley region to the east of the 
northern Sierra Nevada-southern Klamath Mountains. 
 
Table 1. Summary of Jurassic deformations and event (s) in the western US 
Cordillera 
Name of the structure and 
location 
Available age 
constraints  (Ma) 
Tectonic environment 
  Backarc Arc Forearc 
ESTS, east of Sierra 
Nevada 
>169 to <152 x   
ESTS, Mojave Desert 169-154 x   
LFTB, west Nevada 190-140 x   
Nevadan orogeny 
structures, Klamath 
~155-150  x  
Main phase Nevadan 
orogeny structures, Sierra 
Nevada 
~161-151  x  
CNTB > 85-100 x   
High grade Franciscan  
blocks 
165-160   x 
Coast Range Ophiolite 174-164   x 
 
Geological overview of the Sevier orogenic belt at the Latitude of Las Vegas 
The Sevier orogenic belt is characterized by folds and thrusts that shortened and 
translated rocks eastward during the Late Jurassic to Paleogene (Royse, 1993; DeCelles, 
2004). The belt is divided into: (1) a hinterland with a metamorphic core that underwent 
Late Jurassic to Early Cretaceous crustal thickening followed by a complex history of 
shortening and extension; (2) a western thrust system (including the Wheeler Pass sheet) 
that carried thick Neoproterozoic to Paleozoic miogeoclinal strata and is loosely 
constrained to have been active during the Early Cretaceous; (3) an eastern thrust system 
that carried thinner Paleozoic to Mesozoic platform strata and was active during the Late 
Cretaceous to Paleogene in Idaho-Utah-Wyoming and mid to Late Cretaceous to the 
south near Las Vegas, and (4) a foreland basin where synorogenic sediments accumulated 
(e.g., Camilleri et al., 1997). 
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Significant differences exist between the Sevier fold-thrust belt in the Las Vegas-
Death Valley area and in Idaho-Utah-Wyoming region in terms of shortening budgets, 
position within the backarc, and timing relative to complex deformation in the 
metamorphic hinterland. Shortening estimates, principally from palinspastic restoration 
of balanced cross sections across the fold-thrust belt, vary from ~100 km at the latitude of 
Las Vegas, Nevada (Wernicke et al., 1988) to ~200 km in central Utah and Wyoming 
(Currie, 2000; DeCelles and Coogan, 2006). Southward from Utah, the orientation of the 
fold-thrust belt, following the craton-miogeoclinal hinge, changes to a SW strike and 
converges with the eastern fringe of the magmatic arc (Fig. 2). To the north, significant 
distance separates the Sevier fold-thrust belt from older Permian to Jurassic backarc belts 
(Golconda and the Luning-Fencemaker systems), while to the south, the Sevier fold-
thrust belt lies adjacent to older Permian thrust belt (Snow, 1992) and the Jurassic 
deformation belt of the East Sierran thrust system, clouding distinction between these 
temporally distinct phases of deformation (Fig. 2). For example, the Clery-Lemoigne 
thrust, interpreted to be part of the Permian thrust belt, lies only 6 km west of the 
Wheeler Pass thrust after reconstruction of Cenozoic extension using thrust belts from 
three less extended localities, the Inyo Mountains, Cottonwood Mountains, and Spring 
Mountains, (Snow, 1992; Snow and Wernicke, 1993; 2000).  
The Basin and Range at the latitude of Las Vegas is one of the classic examples of 
continental extension on Earth (Wernicke et al., 1988; Snow and Wernicke, 2000). Some 
crustal blocks at this latitude were less extended than others and provide the clearest 
records of Mesozoic contractile deformation (Fig. 2) (Wernicke et al., 1988; Snow and 
Wernicke, 2000). The Spring Mountain block near Las Vegas experienced only minor 
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Cenozoic extension and best preserves the original geometry of the Mesozoic thrust belt, 
including the frontal Keystone thrust system and more western Wheeler Pass thrust 
(Burchfiel et al., 1974) (Fig. 2).  Faults correlative to the Wheeler Pass thrust, as well as 
structurally higher, older thrusts, are found to the west in the upper plate of the Death 
Valley extensional system (Wernicke et al., 1988; Snow and Wernicke, 2000). Thrust 
faults and folds were correlated between different mountain ranges based mainly on 
structural style and stratigraphic throw of thrust faults and folds.  Proposed correlative 
thrust faults include from west to east: 1) the Last Chance thrust and the Grapevine 
Mountains thrusts, 2) the Marble Canyon and Schawb Peak thrust faults, 3) the Lemogine 
and Clery thrust faults, and 4) the Wheeler Pass, Chicago Pass, and Panamint thrusts. 
Proposed correlative thrust faults including the Chicago Pass and Panamint thrusts (Snow 
and Wernicke, 2000), indicate the thrust system ramps down through lower 
Neoproterozoic strata and locally into the crystalline basement to the west (Fig. 2). The 
Wheeler Pass thrust sheet carries thick Neoproterozoic to Cambrian miogeoclinal strata 
and has an estimated minimum net slip of ~20 to 30 km (Burchfiel et al. 1974). Due to 
the large magnitude of Neogene extension, there may be uncertainty in the reconstructed 
geometry of Mesozoic thrust belt. 
Few age constraints exist for thrust progression and orogenic wedge evolution of the 
southern Sevier fold-thrust belt. Unlike the Mojave sector further south, where thrusts 
overlap with the eastern fringe of the Mesozoic magmatic arc and ages are constrained by 
cross-cutting igneous rocks (e.g., Fleck et al., 1994; Howard et al., 1995; Walker et al., 
1995), the southern Sevier fold-thrust belt near Las Vegas lacks cross cutting 
relationships. Based on relationships with sedimentary rocks, the age of the Wheeler Pass 
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thrust is only loosely constrained as post-Permian and pre-Miocene. A mid-Cretaceous 
age is suggested by zircon fission track data (unpublished, Wernicke and Dokka) referred 
to in Snow and Wernicke (2000), which show the base of a Mesozoic PAZ preserved in 
the Wheeler Pass and proposed correlative Panamint thrust sheets. In contrast, the 
Wheeler Pass thrust has also been correlated to the Winters Pass to the south that is cut 
by 147 Ma (± 7 Ma) plutons (Walker et al., 1995).  
The southern Sevier fold-thrust belt contains only a sparse record of synorogenic 
sedimentation (e.g., Axen, 1985; Fleck and Carr, 1990), which are confined to the 
footwall of the Keystone thrust system and include the Lavinia Wash sequence, 
conglomerate of Brownstone Basin, and Willow Tank Formation and Baseline Sandstone 
in the Muddy Mountains. These sequences similarly were deposited on Jurassic to 
Triassic strata of the authochton. The Lavinia Wash sequence and Willow Tank 
Formation contain volcanic clasts and ashes that have been dated at 99.0 ± 0.4 Ma (Fleck 
and Carr, 1990) and 101.6 ± 1 to 99.9 ± 2.0 Ma (Troyer et al., 2006). 
According to the Wernicke and Snow (1988) palinspastically restored cross section, 
the Last Chance-Grapevine thrust plates, and rocks in their footwall, once overlay the 
Funeral Mountains core complex. The impact of this overburden on burying rocks in the 
Funeral Mountains during Mesozoic time will be discussed later. 
Geological background of the Funeral Mountains 
Geological setting 
The Funeral Mountains, located in Death Valley National Park in southeastern 
California, are situated in the hinterland of Sevier fold-thrust belt (Fig. 1). The Funeral 
Mountains are a metamorphic core complex and core rocks are bounded by the Tertiary 
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Boundary Canyon detachment on the northwest and north, and the Keane Wonder fault 
on the west and southwest (Wright and Troxel, 1993) (Fig. 4). These faults appear to 
merge to the north (Fig. 3), however, whether these are two separate faults or a single 
folded detachment remains controversial. Hamilton (1988) suggested that these faults 
represent traces of the same fault, but Wright and Troxel (1993) oppose this suggestion 
and interpret the two faults as distinct. The detachment fault system separates 
metamorphosed rocks in the footwall from unmetamorphosed Proterozoic to Oligocene 
and younger volcanic-sedimentary rocks in the hanging wall (Applegate, 1994). Ductile 
fabrics recording multiple episodes of deformation are exposed in the core rocks 
(Applegate, 1994). Applegate (1994) suggested these fabrics recorded a history of 
Mesozoic shortening followed by episodic Lake Cretaceous and Miocene extension.  
Stratigraphy 
Proterozoic metasedimentary core rocks of the Funeral Mountains are overlain by 
rocks in the hanging wall of the Boundary Canyon detachment fault consisting of weakly 
metamorphosed Neoproterozoic to Cambrian metasedimentary rocks and 
nonmetamorphosed Tertiary sedimentary and volcanic strata. The oldest rocks in the 
Funeral Mountains metamorphic core complex belong to the Proterozoic Pahrump Group 
(McAllister, 1971; Hoisch and Simpson, 1993; Wright and Troxel, 1993) (Fig. 4). The 
Pahrump Group comprises the Crystal Spring Formation (which includes thick sequences 
of gneisses, schists, quartzites, amphibolites, and marbles), Beck Spring Dolomite, and 
Kingston Peak Formation (which includes sequences of schists, marbles, and 
metaconglomerates) (Fig. 4). These rocks occupy most of the northwestern portion of the 
Funeral Mountains and are prominent in the Chloride Cliff area (Fig. 4).  The Pahrump 
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Group is overlain by the Neoproterozoic Noonday Dolomite, Johnnie Formation, and 
Stirling Quartzite. The Johnnie Formation is exposed as patchy outcrops in windows 
beneath the overlying Stirling Quartzite in the southeastern portion of the study area, and 
in a continuous thinner belt in the central and northwestern portion of the area (Fig. 4). 
Pahrump Group rocks in the Monarch Canyon area are intruded by younger igneous 
dikes and sills including, from the oldest to the youngest: 90-70 Ma folded leucosomes, 
86 Ma pegmatites, 72-70 Ma granitic pegmatites, 62 Ma leucogranites which cut the 
deformed leucosomes, and 22 Ma mafic dikes which cut all the older dikes and sills 
(Applegate, 1994; Mattinson et al., 2007). A deformed pegmatite dike was dated at 72 ± 
1 Ma, and a pegmatite that crosscuts the foliation that deforms the first was dated at 70 ± 
1 Ma, indicating that a deformation event was ongoing at 72 Ma and had ceased by 70 
Ma (Applegate and Hodges, 1995). However, all dikes in the Monarch Canyon are 
deformed (oral communication with Hoisch, 2010).  The hanging walls of the core-
bounding faults (Boundary Canyon detachment along the northern flank and the Keane 
Wonder fault along the southern flank) are predominantly comprised of subgreenschist to 
lower greenschist facies Neoproterozoic to Cambrian sedimentary rocks including the 
Neoproterozoic Stirling Quartzite and Neoproterozoic-Cambrian Wood Canyon 
Formation. The Oligocene-Miocene Titus Canyon Formation and younger Tertiary 
sedimentary hanging-wall rocks unconformably overlie the Wood Canyon and Stirling 
Formation (Fig. 3) (Wright and Troxel, 1993).  
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Timing of shortening and metamorphism 
General background 
Labotka (1980) suggested that burial and metamorphism in the Funeral Mountains 
resulted from a combined effect of Mesozoic thrusting and heating from the emplacement 
of the Sierran magmatic arc to the west. Subsequent geochronologic studies (DeWitt et 
al., 1988;; Hoisch and Simpson, 1993; Applegate, 1994; Applegate and Hodges, 1995; 
Mattinson et al., 2007) supported a Cretaceous age of metamorphism. Ages relevant to 
the timing of the earliest metamorphism include >130-115 Ma (Early Cretaceous) 
40Ar/39Ar hornblende, actinolite, muscovite, and biotite ages from Monarch Canyon 
(DeWitt et al., 1988); a 127 ± 9 Ma U-Pb age on metamorphic zircons from Crystal 
Spring Formation schist in Monarch Canyon (Applegate, 1994); a 112.9 ± 0.8 Ma 
40Ar/39Ar hornblende cooling age from the Kingston Peak Formation at Chloride Cliff 
(Hoisch and Simpson, 1993); and most recently, a 91.5 ± 1.4 Ma Th-Pb age on monazite 
from garnet-kyanite-staurolite schist in Monarch Canyon (Mattinson et al., 2007). The 
previously reported 40Ar/39Ar ages on biotite and hornblende from Monarch Canyon 
(DeWitt et al., 1988; Applegate, 1994), however, are unreliable due to excess argon 
problems; one exception may be the 112.9 ± 0.8 Ma 40Ar/39Ar hornblende cooling age 
from the Kingston Peak Formation at Chloride Cliff (Hoisch and Simpson, 1993), which 
was interpreted as the maximum age of metamorphism for the Chloride Cliff area. The 
91.5 ± 1.4 Ma monazite age determined using Th-Pb SHRIMP-RG (sensitive high 
resolution ion microprobe-reverse geometry) from amphibolite-facies garnet-kyanite-
staurolite schist in Monarch Canyon area, was interpreted to represent the age of peak 
metamorphism in the area (Mattinson et al., 2007). 
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Previous petrologic studies and mapping in the area document an increase in 
metamorphic grade from southeast (Indian Pass) to northwest, reaching upper 
amphibolite facies (kyanite ± sillimanite ± garnet ± biotite) in the Proterozoic rocks near 
Monarch Canyon (deepest levels exposed in canyon) (Labotka, 1980). Labotka (1980) 
mapped the position of isograds in the Funeral Mountains (Fig. 4). Petrological studies 
(Labotka, 1980; Giaramita, 1984; and Hoisch and Simpson, 1993) in the Monarch 
Canyon area indicate peak metamorphic conditions of 7.2-9.1 kbar, and 600-700°C. 
Hodges and Walker (1990) estimated pressure in the range of 8-10 kbar but a relatively 
lower range temperature (523-577 °C) of peak metamorphism.    
Thermobarometry and P-T path studies from Indian Pass, Funeral Mountains 
Styger (2008) performed thermobarometric and P-T path studies on five samples of 
garnet schist collected from the upper Johnnie Formation from the Indian Pass area of the 
Funeral Mountains. The mineral assemblages observed in these samples include garnet, 
quartz, muscovite, chlorite, chloritoid, ilmenite, rutile, and apatite. These samples are 
considered a high-alumina pelitic schist because the assemblages plot above the garnet-
chlorite tie line on the AFM diagram (Styger, 2008).  
The thermobarometry and P-T path studies on the five garnet samples were 
performed by integrating the garnet-chlorite thermometer (Grambling, 1990) to determine 
an initial chlorite composition using an assumed initial temperature and numerical 
simulations of garnet growth based on Duhem’s theorem (e.g., Spear, 1993). Because the 
mineral assemblages of the Indian Pass pelite lack aluminosilicate, biotite, and 
plagioclase, the commonly used garnet-aluminosilicate-quartz-plagioclase (GASP) and 
muscovite-biotite-plagioclase-garnet (MBPG) barometers, and the garnet-biotite 
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thermometer, could not be used. Instead, Styger (2008) used the garnet-chlorite 
thermometer (Grambling, 1990) to calculate temperatures for each point along the garnet 
traverses.  All garnet samples exhibit a temperature increase of about 30° C from core to 
rim (490 to 520°C, Styger, 2008).  Assuming no retrograde reactions, temperatures 
determined from garnet rims are assumed to represent the final temperature during rim 
growth because it is thought that the chlorite in the rock was in equilibrium with the rim 
of the garnet. Accurate determination of the temperature variations across garnet grains 
were obtained by garnet growth simulations. Garnet growth simulations were performed 
on the five garnet grains by assuming that garnet grew within the mineral assemblage in 
the rock and by assuming an initial temperature and pressure from previously published 
P-T conditions from this area (400°C and 5.0 kb, Hoisch and Simpson, 1993), although 
the initial temperatures were adjusted upward during the modeling to 480 °C or 500°C to 
be in better agreement with garnet-chlorite thermometry. Each garnet sample yielded 
apparently similar P-T paths: a pressure increase of ~ 1.8 kb and a temperature increase 
of 30° C.  Figure 7 shows an example of the modeling approach used, with chemical data 
collected on the microprobe along a garnet traverse, the best-fit garnet growth model, 
thermometry data, and an example of a P-T path produced by the garnet growth 
simulation for one garnet (68I-G4). Subsequently, individual model P-T paths were 
compiled together to create composite P-T paths, by determining the relative positions of 
individual segments of P-T paths using three methods: (1) Mn concentrations in the 
garnet rim, (2) rim temperatures, and (3) the general shape of the P-T paths (Styger, 
2008).  Mn concentration is considered to be the best tool for correlating individual PT 
paths because garnet grains growing in close proximity are drawing from the same Mn 
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reservoir (Mahar et al., 1997). Composite P-T paths display an isothermal pressure 
increase of ~ 2 kbar and 20°C temperature from initial conditions of 480 °C (Fig. 8).     
Contractional structures in the Funeral Mountains core complex 
Several pre-Sevier contractile structures were documented in the central Basin and 
Range, and the prominent ones used for palinspastic reconstruction are shown in figure 2 
(e.g., Snow and Wernicke, 2000). Contractional structures documented in the Funeral 
Mountains include: (1) the Schwaub Peak and Clery thrusts in the southeastern portion of 
the Funeral Mountains (Wernicke et al., 1988; Wright and Troxel, 1993) (Fig. 3), and (2) 
recumbent folds and axial-planar foliation in the core rocks (Applegate et al. 1992; 
Applegate and Hodges, 1995).  The Schwaub Peak and Clery thrusts and other thrust 
faults in Death Valley region are thought to be part of once laterally continuous Permian 
thrust belt (Snow, 1992). 
No thrust fault has been identified in the Funeral Mountains that could account for 
burial of currently exposed metamorphic core rocks and development of the metamorphic 
field gradient (Fig. 4).  Wernicke et al.’s (1988) palinspastically restored cross-section, 
from the Spring Mountains in the southeast to Grapevine Mountains in the northwest, 
based on correlation of Mesozoic thrust faults and folds, provides the best existing 
representation of the Mesozoic architecture of the orogen (Fig. 9).  In their cross-section, 
the Funeral Mountains are buried by the Last Chance-Grapevine thrust plate (Fig. 9), 
which currently crops out to the north and west. Thus, this thrust plate may be the best 
candidate for Mesozoic burial of rocks in the Funeral Mountains during the Mesozoic; 
however, whether the timing of thrust motion is compatible with the timing of 
metamorphism remains unresolved. Another possibility will be discussed later on. 
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Methods 
Chemistry and Mass Spectrometry 
Chemical procedures were performed in the radiogenic isotope clean laboratory at 
Washington State University, and detailed procedures for conducting the Lu–Hf 
geochronology are given in Appendix A.  For each sample unknown, four or more garnet 
fractions and one or two whole rock splits (without garnet) were analyzed. For each 
sample, all garnet splits and one whole rock split were digested on a hot plate set at 160 
°C in a Savillex digestion container, while a second whole rock sample was digested in a 
high-pressure Teflon bomb in an oven set at 175°C.  The purpose of the Savillex hot plate 
digestion is to digest garnet and whole rock, but not zircon, while digestion in the high 
pressure Teflon bomb in the oven is to digest all mineral phases including zircon. Lu-Hf 
ages and εHf values were calculated using a value for the 176Lu decay constant of 1.867 
×10−11a–1 (Scherer et al., 2001; Söderlund et al., 2004) and 176Hf/177Hf = 0.282785 and 
175Lu/177Hf= 0.0336 for CHUR (chondrite uniform reservoir) (Bouvier et al., 2008). 
Results and Interpretation 
Lu-Hf geochronology 
Garnet fractions from middle-greenschist facies pelitic schist of the Johnnie 
Formation from Indian Pass yielded an isochron age of 162.1 ± 5.8 Ma with an initial 
176Hf/177Hf  = 0.28243 ± 0.00016 and an MSWD of 42 by eliminating two obvious outlier 
data points (whole rock bomb and Gt5)  (Fig. 10). All ages here are reported at 2σ 
uncertainty. Further elimination of one more garnet point (G8) and the second whole rock 
point (Savillax) yield an age of 158.0 ± 1.2 Ma (Fig. 11) with an initial 176Hf/177Hf  = 
0.28258 ± 0.00032, and much smaller MSWD (2.0). The 5 point garnet isochron age of 
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158.0 ±1.2 Ma can be considered robust as its MSWD (2.0) is low and the uncertainty of 
the calculated age is small (±1.2 Ma). Recent study shows that high MSWD's are not 
uncommon, and in fact may very well be expected for garnet Lu-Hf geochronology (e.g., 
Kohn, 2009).  Considering garnet growth take Myr to tens of Myr, any mineral separation 
technique that distinguishes different portions of a garnet yield high MSWD because age 
differences.for different portions of the garnet far exceed the analytical 
resolution (e.g., Kohon, 2009). Thus, our garnet Lu-Hf age (162.1 ± 5.8 Ma) from the 
Indian Pass area of the Funeral Mountains, although with a relatively high MSWD (42), 
may be considered as the represenative garnet growth age and thus thrust burial age, 
consistent with ages of older deformation belts in the western Sevier hinterland 
(discussed later). The isochrons are shown in Figures 10 and 11 and a summary of the 
Lu-Hf data for the garnet and whole rock fractions is presented in table 2. The reduced 
data are presented in the Appendix B. 
The Lu-Hf garnet age is interpreted to record the timing of prograde garnet growth 
during Barrovian metamorphism. Composite PT paths determined from growth-zoned 
garnets from the same samples (Styger, 2008) show a nearly isothermal pressure increase 
of ~2 kbar at ~490°C, suggesting 7-8 kilometers of thrust burial at 162.1 ± 5.8 Ma (Fig. 
8). 
A second sample of politic schist of the Johnnie Formation, from a comparatively 
higher metamorphic grade to the northwest (East of Chloride Cliff), yielded an age of 
172.9 ± 4.9 Ma (2σ) with an MSWD of 42, suggesting an increase of thrust burial age 
towards the higher grade rocks (northwest part of the core complex). The older age is 
consistent with the paleo-depth interpretation of Hoisch and Simpson (1993) based on 
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metamorphic grade and thermobarometry (Labotka, 1980). Based on the tilted crustal 
section of Hoisch and Simpson (1993) and Labotka (1980) isograd studies, the initial 
garnet growth in the Funeral Mountains likely increases towards the north; however, the 
absence of a good spread of isochron data points for the sample from the East of Chloride 
Cliff area leads to uncertainty that result in not being able to verify the age progression 
with a high degree of confidence (Fig. 12). The isochron is shown in Figures 12 and a 
summary of the Lu-Hf data for the garnet and whole rock fractions is presented in table 3. 
The reduced data are presented in the Appendix C 
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Table 2. Summary of Lu-Hf analyses for samples from Indian Pass, Funeral Mountains, Death Valley 
 
Table 3. Summary of Lu-Hf analyses for samples from East of Chloride Cliff area, Funeral Mountains 
 
 
Sample Sample Wt (g) Spike type Sp wt. (g) Lu (ppm) Hf (ppm) 176Lu/177Hf 2σ (abs) 176Hf/177Hf 2σ (abs) 
FM-11F gt1 0.24539 9.2 0.32150 5.850 0.542 1.53322 0.00767 0.287086 0.000029 
FM-11F gt2 0.23939 9.2 0.21791 2.724 0.280 1.38383 0.00692 0.286653 0.000029 
FM-11F gt3 0.25295 9.2 0.11293 3.477 0.159 3.10594 0.01553 0.291789 0.000029 
FM-11F gt5 0.26249 9.2 0.14000 3.087 0.539 0.81345 0.00407 0.285588 0.000029 
FM-11F gt6 0.26423 9.2 0.17948 3.478 0.884 0.55842 0.00279 0.284251 0.000028 
FM-11F gt7 0.27021 9.2 0.15711 3.851 0.561 0.97375 0.00487 0.285455 0.000029 
FM-11F gt8 0.27202 9.2 0.15436 0.277 0.786 0.69139 0.00346 0.284462 0.000028 
FM-11F WR bomb 0.23678 7.0 0.13960 0.556 10.202 0.00773 0.00004 0.282040 0.000028 
FM-11F WR 0.25015 6.0 0.21424 4.105 7.113 0.08188 0.00041 0.282538 0.000028 
Sample Sample 
Wt (g) 
Spike 
type 
sp wt. 
(g) 
Lu 
(ppm) 
Hf 
(ppm) 
176Lu/177H
f 
2s (abs) 176Hf/177Hf 2s (abs) 
FM-8D gt.2.1 0.23506 9.2 0.15072 6.462 0.067 13.84258 0.06921 0.327680 0.000164 
FM-8D gt.3.1 0.25624 9.2 0.07569 6.984 0.074 13.56523 0.06783 0.327010 0.000164 
FM-8D gt.4.1 0.26894 9.2 0.08777 6.981 0.072 13.80857 0.06904 0.326116 0.000163 
FM-8D wr.1 0.24578 6D 0.08642 0.444 0.118 1.39127 0.00696 0.287221 0.000029 
FM-8D gt.2.2 0.26758 9.2 0.15225 5.453 0.541 1.43140 0.00716 0.287136 0.000057 
FM-8D gt.4.2 0.26127 9.2 0.15167 6.099 0.499 1.73579 0.00868 0.287959 0.000086 
FM-8D wr bomb 0.24905 6.0 0.12014 2.577 1.789 0.20440 0.00102 0.283156 0.000028 
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Lu-Hf analyses of samples from the higher grade rocks of the Funeral Mountains, 
including the Kingston Peak Formation from the Chloride Cliff and Crystal Spring 
Formation from the Monarch Canyon failed to yield isochron ages due to low Hf yield in 
the Monarch Canyon sample (Fig. 13 and table 4) and low yield of both Lu and Hf in all 
garnet fractions in the Chloride Cliff sample (Fig. 14 and table 5). However, for the 
Monarch Canyon sample, different combinations of data points were used for different 
isochron permutations, and the following isochron ages, errors, and the MSWDs were 
calculated for each combination of data points: (1) all analyses together yield an isochron 
age of 122 ± 74 Ma with an initial 176Hf/177Hf of 0.285±0.016 and a very high MSWD 
(5001); (2) by using Gt5, Gt3, and whole rock Bomb and eliminating all the remaining 
three data points yields an age of 167.3 ± 0.7 Ma with an initial 176Hf/177Hf of 0.28471 ± 
0.000028, and low MSWD (3.7); (3) similarly, using only three data points (whole rock 
samples-Bomb and Savillax) and one garnet fraction (Gt4), yields an isochron age of 
103±37 Ma with an initial 176Hf/177Hf of 0.2830±.00078 and relatively high MSWD (84). 
Although it is tempting to interpret the167.3 ± 0.7 Ma isochron age to be an age of thrust 
burial in the Funeral Mountains, the isochron age produced using three points is 
unreliable as there is no basis to exclude the other analysis.
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Table 4. Summary of Lu-Hf analyses for samples from Monarch Canyon area, Funeral Mountains 
 
Table 5. Summary of Lu-Hf data for samples from Chloride Cliff area, Funeral Mountains 
Sample sample Wt (g) Spike type Sp wt. (g) Lu (ppm) Hf (ppm) 176Lu/177Hf 2s (abs) 176Hf/177Hf 2s (abs) 
FM-1 wr 0.27353 6.0 0.26361 15.345 0.371 5.88420 0.02942 0.294892 0.000183 
08FM-1 gt1 0.25302 9.2 0.18747 5.090 0.077 9.47158 0.04736 0.312213 0.000065 
08FM-1 gt2 0.25780 9.2 0.20609 5.296 0.058 12.975713 0.06488 0.314840 0.000167 
08FM-1 gt3 0.24636 9.2 0.14443 5.447 0.056 14.05273 0.07026 0.326262 0.000131 
08FM-1 gt4 0.25613 9.2 0.13553 5.180 0.040 18.59785 0.09299 0.318587 0.000036 
08FM-1 wr 
bomb 
0.26187 7.0 0.11114 1.461 2.240 0.09253 0.00046 0.282759 0.000028 
Sample Sample Wt 
(g) 
Spike type Sp wt. (g) Lu (ppm) Hf 
(ppm) 
176Lu/177Hf 2s (abs) 176Hf/177Hf 2s (abs) 
FM-6 wr 
bomb 0.26735 7.0 0.10469 0.531 2.06 0.01908 0.00010 0.282511 0.000014 
FM-6 gt 1.1 0.27468 6.0 0.02715 0.094 0.51 0.02722 0.00014 0.281996 0.000014 
FM-6 gt 2.1 0.26168 6.0 0.03539 0.108 1.04 0.02226 0.00011 0.282520 0.000014 
FM-6 gt 3.1 0.24937 6.0 0.02912 0.098 0.38 0.02460 0.00012 0.282492 0.000014 
FM-6 gt 4.1 0.26391 6.0 0.03731 0.111 0.44 0.02579 0.00013 0.282535 0.000014 
40 
 
 
Discussion 
Structure(s) responsible for burial of the Funeral Mountains to mid-crustal depths 
It remains a conundrum which thrust plate(s) is responsible for burial of rocks in the 
Funeral Mountains to depths of about 27-32 km as suggested by thermobarometric 
studies (Hodges and Walker, 1990; Hoisch and Simpson, 1993). Interpreted downward 
projections of the Lemoigne-Clery thrust and the Marble Canyon-Schwab Peak thrusts 
(Wernickie et al., 1988) indicates that these faults are structurally below the Funeral 
Mountains core complex (Fig. 9); strata in the footwall of the Boundary Canyon 
detachment can be traced continuously in an unfaulted but folded section into the hanging 
wall of the Schwab Peak thrust.  Therefore, the Clery and Schwab Peak thrusts can not 
have contribution to burial of the Funeral Mountains. The Last Chance-Grapevine thrusts 
were apparently structurally above the Funeral Mountains during the Late Jurassic (Fig. 
9), suggesting that the Last Chance allochthon may have provided some of the load 
recorded in the metamorphism. 
Applegate and Hodges (1995) suggested that the overburden from the Last Chance-
Grapevine thrust plate, in addition to the stratigraphic depth, was not sufficient for burial 
of the Funeral Mountains rocks to depths consistent with thermobarometrically 
determined pressures. According to Applegate and Hodges (1995), there are no other 
thrust faults above the Last Chance thrust that could have contributed to burial of rocks in 
the Funeral Mountains. Applegate and Hodges (1995) estimated the potential overburden 
of the Funeral Mountains rocks using the following factors: (1) 6 km of the Cambrian and 
younger rocks in the hanging wall of the Last Chance-Grapevine thrust, (2) 7 km of strata 
above the Johnnie Formation in the footwall of Last Chance-Grapevine thrust system, 
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and (3) 3 km burial resulting from the assumption that rocks in the Funeral Mountains 
dipped 30° to the west during burial (Hoisch and Simpson, 1993). By integrating the 
above three factors, they estimated a total of 15 km overburden. However, this depth of 
overburden is only sufficient for burial of rocks in the relatively lower metamorphic 
grade Indian Pass area, consistent with minimum depth estimates of about 13.5 km 
(Styger, 2008), but not consistent with depth estimates of ~ 17-27 km and ~ 32 km for the 
higher grade rocks in the Chloride Cliff and Monarch Canyon (Hoisch and Simpson, 
1993), respectively.  
In addition to partial burial by the Last Chance allochthon, two alternative tectonic 
models were suggested by Applegate and Hodges (1995) to explain the apparent lack of 
sufficient overburden for the Funeral Mountains core rocks. The first model invokes a 
wedge of rock between the Johnnie Formation above and the older Proterozoic rocks 
beneath, above a west-dipping basal decollement that lay at the base of the wedge. The 
second model invoke measedimentary wedge and shows a duplication of of the Fohnnie 
Formaztion. The second stage in their model is removing the wedges to the northwest 
/west direction due to movement along a west-dipping, intra-core ductile shear zone. For 
the basement wedge model, this localized along the preexisting basal decollement, during 
Late Cretaceous time. Due to a preference for removing a rheologically strong wedge, 
they favored a wedge of mechanically strong basement. Thus, the present shortage of 
overburden needed to provide the mid-crustal depths estimated from thermobarometry, is 
explained by removal of a fairly thick wedge by movement along an intracore ductile 
shear zones. Although I agree with idea of basement involvement in their first model, the 
position of Johnnie Formation in both models is in contrary with the position of Johnnie 
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Formation as shown on the geological map of Wright and Troxel (1993) and NW-SE 
paleo-depth interpretation section of Hoisch and Simpson (1993). The Johnnie Formation 
mapped as continuous belt in the Footwall of the BCD (Fig. 3). Recent 
thermochronological studies (chapter 2) on suite of muscovite samples from Johnnie 
Formation along the footwall of the Boundary Canyon detachment fault exhibit a general 
NW age decreasing pattern, suggesting northwest/west motion of a hanging wall that 
probably consisted of a basement wedge and a portion of Paleozoic strata during Late 
Cretaceous time. 
Reconciliation of Late Jurassic garnet age with previous geochronology 
The new 6-point Lu-Hf garnet and a whole rock isochron age of 162.1 ± 5.8 Ma from 
greenschist facies pelitic rocks of the Johnnie Formation clarifies the age of Barrovian 
metamorphism in the Funeral Mountains.  Pressure-temperature paths determined from 
the same growth-zoned garnet population as dated by Lu-Hf show a nearly isothermal 
pressure increase of ~2 kbar at ~490°C (Fig. 7). Together, the P-T-t path suggests ~ 7 km 
of thrust burial in the Funeral Mountains during the Late Jurassic.   
The new Late Jurassic age for thrust burial appears to contradict recent determination 
of a Late Cretaceous age for peak metamorphism (Mattinson et al., 2007). A SHRIMP-
RG age of 91.5 ± 1.4 Ma on monazite from upper-amphibolite facies schist in the Crystal 
Spring Formation from Monarch Canyon is thought to record the timing of peak 
metamorphism (~620-680 °C and 7-9 kbar) (Mattinson et al., 2007).  However, we 
question the geologic significance of the Late Cretaceous monazite age. The monazite 
dating was performed on bulk samples (e.g., monazite concentrates of matrix monazite 
and kyanite porphyroblast-hosted monazite inclusions) (Mattinson et al., 2007). Several 
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in-situ monazite Th-Pb dating studies have documented the tendency for matrix 
monazites to yield younger ages than porphyroblast-hosted monazite inclusions (e.g., 
Terry et al., 2000; Bosch et al., 2002; Hoisch et al., 2008). The difference in age between 
matrix and inclusion grains is commonly explained by shielding of occluded monazite by 
hosting porphyroblasts from processes that affect matrix grains. Matrix monazite can be 
either secondary (retrograde) monazite and/or original monazite variably reset by fluid-
mediated dissolution and re-precipitation, fluid-mitigated Pb diffusion, and Pb loss. The 
91.5 ± 1.4 Ma monazite age from the Funeral Mountains is only slightly older than 86 Ma 
and 90-70 Ma pegmatite and leucosome ages, respectively, permitting the possibility that 
at least some of the matrix monazites could have been reset by fluid emanating during, or 
immediately following, intrusion of granitic and pegmatite dikes in Monarch Canyon. A 
similar relationship was described by Hoisch et al. (2008) in a study of in situ monazite 
dating of garnet-hosted monazite inclusions and matrix monazite from amphibolite-facies 
rocks in the northern Grouse Greek Mountain, Utah. Matrix monazite ages were 
distinctly younger than garnet-hosted monazite inclusions ages, and matrix monazite ages 
were similar to the age of nearby intrusions (Hoisch et al., 2008). Given the fact that the 
monazite analysis from the Funeral Mountains was done on bulk samples rather than in-
situ, the 91.5 ± 1.4 Ma age has likely resulted from a mixture of retrograde (secondary) 
matrix monazite grains and kyanite-hosted monazite inclusions, and thus the geological 
significance of the age is uncertain.  
As discussed above, the geological significance of the 91.5 ± 1.4 Ma monazite age 
from Monarch Canyon determined using bulk samples is not clear.  However, the 
absence of monazite inclusions in the garnet porphyroblasts from the dated sample 
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(Mattinson et al., 2007) and their presence in the kyanite porphyroblasts apparently 
shows that garnet growth predated monazite growth, and thus garnet growth in Monarch 
Canyon must have been occurred prior to 91.5 ± 1.4 Ma. Although it is speculative, 
initial garnet growth in the deepest structural level (Monarch Canyon) may have predated 
garnet growth in the lower grade area (Indian Pass), consistent with the paleo-dip 
interpretation for the metamorphic field gradient (Labotka, 1980; Wernicke et al., 1988; 
Hoisch and Simpson, 1993). In the higher grade samples from Monarch Canyon, garnet 
growth occurred by staurolite breakdown, a higher temperature than the garnet-producing  
reaction at Indian pass (Hoisch oral communication, 2010). Thus, garnet at Monarch 
Canyon should be at least a little younger than the Indian Pass, due to additional time it 
takes to heat rock another 140◦C or so, but 91.5 Ma is too young. 
Considering the fact that most of previous ages from the Funeral Mountains have 
problems including excess argon in hornblende (DeWitt, et al., 1988; Applegate, 1994) 
and highly discordant U-Pb ages (Applegate, 1994), >130-115 Ma (Early Cretaceous) 
40Ar/39Ar hornblende, actinolite, muscovite, and biotite dates from Monarch Canyon (DeWitt et 
al., 1988) and a 127 ± 9 Ma U-Pb age on metamorphic zircons from Crystal Spring Formation 
schist in Monarch Canyon (Applegate, 1994) may not be reliable.  However, the 112.9 ± 0.8 
Ma 40Ar/39Ar hornblende age from the Kingston Peak Formation at Chloride Cliff 
(Hoisch and Simpson, 1993) is interpreted to be a reliable cooling age of an originally 
west/northwest-tilted crustal section. 
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Implications of similarity of Lu-Hf age from the Funeral Mountains with timing of the 
Nevadan orogeny and the Sevier hinterland thrust belts 
Our Lu-Hf garnet age in the Funeral Mountains core complex suggests that the timing 
of tectonic burial is similar to deformation associated with the Nevadan orogeny 
(Shervias, 2005) and ages of deformation in other Mesozoic thrust belts in the Sevier 
hinterland, including the Luning-Fencemaker thrust belt (LFTB) and the East Sierran 
thrust system (ESTS).  The minimum age of thrust burial (162.1 ± 5.8 Ma) in the Funeral 
Mountains is correlative to the timing of deformation during the Nevadan orogeny, 152-
164 Ma (Schweickert et al., 1984; Saleeby and Busby-Spera, 1992) or 155 ± 5 Ma 
(Shervais et al., 2005), the timing of the middle interval of deformation in the ESTS 
(>169 to <152 Ma), late shortening in the LFTB (190-160 Ma), and the formation of the 
high-grade blocks in the Franciscan assemblage (160-165 Ma) (Mattinson, 1988).  
It is known that the Luning-Fencemaker belt (broadly correlative in time to ESTS) 
was active far to the west of the classic “Sevier” orogeny in the Great Basin. At the 
latitude of Las Vegas, ESTS-age deformation apparently overlaps spatially with the 
Sevier system, obscuring the spatial distinction between the ESTS-age and Sevier-age 
deformation (Walker et al., 2002). The Sevier FTB is localized along the eastern margin 
of the miogeocline, whereas the ESTS is localized along the eastern fringe of the 
magmatic arc. Because the Sevier thrust belt and the Sierran arc converge at this latitude, 
there is apparent overlap of arc-proximal earlier Jurassic deformation and the Sevier 
deformation. 
While there is a general consensus that the stress transmitted from the plate boundary 
caused both the intra-arc and back arc deformation in the Sevier hinterland, there is 
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disagreement on the tectonic model that caused this deformation.  Plate margin stresses 
transmitted across the plate boundary due to rapid, perhaps oblique convergence between 
the North America plate and an oceanic plate(s) to the west, and/or collision of outboard 
oceanic arc terranes with the North American plate margin, are proposed to be the cause 
of both back arc and intra-arc Jurassic deformation (e.g., Hamilton, 1969; Dickinson, 
1976; Saleeby and Busby-Spera, 1992) – the ridge collision model of Shervais et al. 
(2005) proposed for forearc and intra-arc deformation may also apply to the backarc. 
Wakabayashi et. al (2010) proposed subduction termination and initiation as mechanism 
for the formation of both the CRO and the Franciscan complex. The Franciscan complex 
is thought to have formed as metamorphic soles during east-dipping subduction following 
cessation of a west-dipping subduction. 
Regardless of whether transtensional or transpressional noncollisional environments 
(e.g., Harper et. al., 1994; Wolf and Saleeby, 1992, 1995), continent-arc collision, or 
continent-ridge collision (e.g., Schweickert et al., 1984; Tobisch et al., 1989; Shervias et 
al., 2005) caused the Nevadan orogeny, there is temporal similarity of the back arc 
deformation belts (ESTS and LFTB) and intra-arc structures formed during the Nevadan 
orogeny. It seems plausible that ridge collision caused the Nevadan orogeny (Shervias et 
al., 2005) and may have been also responsible for stress transmission across the Sierra 
Nevada to the back arc region, to cause deformation in the Sevier hinterland. Although it 
remains enigmatic which thrust plate(s) were responsible for burial of rocks in the 
Funeral Mountains core complex, considering the temporal similarity between thrust-
burial metamorphism in the Funeral Mountains and shortening in the ESTS and LFTB, as 
well as spatial proximity of the Funeral Mountains to the documented ESTS, we postulate 
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that thrust burial in the Funeral Mountains was also likely caused by the same tectonic 
force (ridge collision?) that caused Jurassic deformation in the Sierra Nevada and back 
arc fold and thrust belts in the Sevier hinterland.  
Conclusions 
Our new Lu-Hf garnet age of 162.1 ± 5.8 Ma clarifies the age of prograde Barrovian 
metamorphism in the Funeral Mountains. Gibb’s Method modeling of garnet growth 
zoning (Styger, 2008) shows that garnet growth was accompanied by ~ 7 km of tectonic 
burial. The garnet age is from the lowest metamorphic grade of garnet-bearing rocks in 
the southeastern Funeral Mountains, allowing for initial garnet growth in the deepest 
structural levels in the northwestern Funeral Mountains, (e.g., Monarch Canyon) to have 
predated 162.1 ± 5.8 Ma.  The geological significance of the previously determined 
Cretaceous age (91.5 ± 1.4 Ma) on prograde metamorphism in Monarch Canyon 
determined by Th-Pb dating of monazite (Mattinson et al., 2007) from bulk samples from 
upper amphibolite-facies schist, is not clear, but is not inconsistent with the Late Jurassic 
garnet age. The monazite age may record fluid-mediated Pb loss or recrystallization of 
matrix monazite during crustal melting and intrusion.  Garnet growth in the Monarch 
Canyon area evidently predated monazite growth (Mattinson et al., 2007), and thus 
predated 91.5 ± 1.4 Ma, consistent with the metamorphic field gradient and the regional 
paleo-dip interpretation of the area (Hoisch and Simpson, 1993), and allowing for 
Jurassic Barrovian metamorphism of the entire Funeral Mountain crustal section. Thus, a 
metamorphic and structural history is preserved that predates our classical understanding 
of timing of initiation of the Sevier orogen in the Latest Jurassic. 
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It remains unresolved which thrust plate(s) is responsible for burial of rocks in the 
Funeral Mountains to depths of about 27-32 km as suggested by thermobarometric 
studies. The overburden estimated from reconstructed cross-sections (~15 km) is 
consistent with the minimum depth estimate of ~13.5 km for rocks from the southeastern 
portion of the core complex (Indian Pass), but not consistent with depth estimates for 
higher grade rocks to the northwest (~17-27 to 32 km). Furthermore, burial of ~ 7 km at 
156-168 Ma would require either previously unrecognized Late Jurassic motion on the 
Last Chance thrust or burial by a thrust sheet that was subsequently excised. The problem 
of how to bury the rocks in the northwest part of the range to the depths required by 
thermobarometry was previously explained by inserting a fairly thick basement wedge 
between the underlying older Proterozoic sedimentary rocks that comprises rocks of the 
Monarch Canyon and Chloride Cliff areas, and the overlying younger Proterozoic rocks 
(Johnnie Formation), and with a basal décollement for the thrust belt at the base of the 
wedge.  However, recent thermochronological studies (chapter 2) suggest that the 
Boundary Canyon detachment fault was the only extensional structure active during Late 
Cretaceous time, and thus movement along this fault, rather than structurally lower 
“intra-core” shear zones, may have been responsible for removal of the basement wedge.  
At the latitude of Funeral Mountains, ESTS-age deformation apparently overlaps 
spatially with the Sevier system, obscuring the spatial distinction between the ESTS-age 
deformation and Sevier because the Sevier thrust belt and the Sierran arc converge at this 
latitude.  Although it remains enigmatic which thrust plate(s) were responsible for burial 
of rocks in the Funeral Mountains core complex, considering the temporal similarity 
between thrust-burial metamorphism in the Funeral Mountains and shortening in the 
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ESTS and LFTB, as well as spatial proximity of the Funeral Mountains to the 
documented ESTS, we postulate that thrust burial in the Funeral Mountains were also 
likely caused by the same tectonic force (ridge collision?) that caused Jurassic 
deformation in the Sierra Nevada and back arc thrust and fold belts in the Sevier 
hinterland.  
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Figure Captions 
Figure 1.  Tectonic map of a portion of the western U.S. showing major Mesozoic and       
Cenozoic tectonic elements. Modified from DeCelles, 2004. 
Fig. 2.  Map of central Basin and Range showing major pre-extensional Cordilleran 
contractile structures (left) used to contrain palinspastic reconstruction (right). Dashed 
line with open teeth shows inferred position of main footwall ramp below Last Chance 
allochthon. Vertical-axis rotations are restored in reconstruction relative to Colorado 
Plateau. Note that many locations structures are overprinted by younger normal faults. 
Regional names of thrust systems in legend are from reference localities discussed in text. 
Local names of contractile structures: Belted Range thrust-BL, Butte Valley thrust-BV, 
Cucomungo Canyon fault-CCF, CP thrust-CK, Clery thrust-CL, Chicago Pass-Shaw 
thrust-CS, Eureka thrust-EK, Gass Peak thrust-GS, Grapevine thrust-GP, Keany Pass 
thrust-KE, Keystone thrust-KS, Kwichup Spring thrust-KW, Lemoigne thrust-LM, Last 
Chance thrust-LS, Marble Canyon thrust-MC, Meiklejohn thrust-MJ, Mormon thrust-
MM, Montgomery thrust, MT, Muddy thrust-MU, Pachalka thrust-PA, Panamint thrust at 
deep crustal levels-PD, Panamint thrust at shallow crustal levels-PS, Pintwater thrust-PT, 
Pintwater anticline-PW, Schwaub Peak thrust-SW, Specter Range thrust-SP, Spotted 
Range thrust-ST, Ubehebe thrust-UB, Winters Peak anticline-WA, Winters Pass thrust-
WN, Wheeler Pass thrust-WP, White Top backfold-W. Modified from Snow and 
Wernicke (2000). 
Figure 3.  Close up of Death Valley area from figure 2 showing Mesozoic thrust faults. 
Map modified from Wernicke and Snow (1988). See text for discussion of thrust 
correlation. Locations abbreviated include MC, Monarch Canyon; IP, Indian Pass; and 
EC, Echo Canyon. 
Figure 4.  Geological map of the Funeral Mountains showing the locations of garnet 
samples (red hexagon) for Lu-Hf geochronology. Map modified from Wright and Troxel, 
1993. 
Figure 5.  Field photographs showing the stratigraphic sequence of core rocks in the 
Funeral Mountains core complex (lower left) and position of the Boundary Canyon 
detachment fault (upper right). Lower right photograph is from Monarch Canyon 
(looking SE). Upper photo viewed towards NE. 
Figure 6.  Top, garnet traverse, model, and thermometry data for sample CC68I G4.      
Circles indicate mole fraction Fe, Ca, Mn, Mg; Xal, orange; Xgr, blue; Xsp, red; Xpy, 
green; or garnet-chlorite thermometry, black. Gray lines indicate segmented modeling 
and pink lines indicate the detailed model. Bottom, garnet simulation PT path results with 
segmented model results in gray and detailed model results in pink.  
Figure 7.  Composite pressure-temperature paths for Indian Pass in the Funeral 
Mountains. Individual PT paths were generated from garnet growth simulations (example 
is shown for garnet 68I-G4 in Fig. 7). 
Figure 8.  Palinspastically restored cross-section showing down-dip interpretation of 
Mesozoic thrust nearby the Funeral Mountains prior to Tertiary extension. Note the 
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location of the Funeral Mountains.  MC- Monarch Canyon. Modified from Wernicke and 
Snow, 1988.  
Figure 9.  Lu-Hf isochron age of 6 garnet fractions and a whole rock (savillax) for sample 
(SS07FM-11F) from Indian Pass area. Note that the light gray (whole rock bomb and 
garnet fraction 5) are excluded to produce the isochron age.  
Figure 10.  Lu-Hf isochron age of 5 garnet fractions and a whole rock for sample 
(SS07FM-11F) from Indian Pass area. Note that the dark gray (whole rock Savillax and 
garnet fraction 8) and light gray (whole rock bomb and garnet 5) are excluded to produce 
the isochron age.  
Figure 11.  Lu-Hf isochron age for sample from East Chloride Cliff area (SS07FM-8D) 
using five garnet fractions and two whole rocks. 
Figure 12.  Lu-Hf isochron ages for sample from Monarch Canyon (MB07FM-1). Note 
that the middle isochron was plotted using all data points, where as the top bounding 
isochron was plotted using two garnet fractions (Gt2 and Gt3) and a whole rock bomb 
sample. The bottom bounding isochron was plotted using whole rock Bomb and Savillax 
samples, and one garnet fraction (Gt4). 
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CHAPTER 3 
TECTONIC IMPLICATIONS OF 40Ar/39Ar MUSCOVITE AGES FROM THE 
FOOTWALLS OF THE BOUNDARY CANYON DETACHMENT FAULT  
AND INTRA CORE CHLORIDE CLIFF SHEAR ZONE IN THE 
FUNERAL MOUNTAINS, DEATH VALLEY 
Abstract 
New 40Ar/39Ar thermochronological studies in the Funeral Mountains of Death Valley 
improve our understanding of the timing of Mesozoic and younger episodic extension as 
well as the minimum age of thrust burial in this part of the Sevier hinterland. The 
Boundary Canyon detachment fault (BCD) separates the northwest tilted, Proterozoic 
metamorphic core rocks of the Funeral Mountains from predominantly subgreenschist 
facies Neoproterozoic to Tertiary sedimentary and volcanic hanging-wall rocks, and is 
exposed for ~ 30 km along the northeast flank of the core complex.  Intra-core ductile 
shear zones mapped by previous workers in the footwall are sub-parallel to stratigraphy 
and progressively attenuate the stratigraphic section towards the northwest of the range.  
It has remained controversial whether core exhumations in the Funeral Mountains was 
accommodated by Late Cretaceous “intra-core” ductile shear zones or by the Miocene 
age BCD, or a combination of the two, or by previously unrecognized structures.  
Samples collected along the length of the immediate footwall of the BCD and the 
intra-core Chloride Cliff shear zone exhibit significant differences in 40Ar/39Ar muscovite 
ages.  Ages from footwall marbles beneath the BCD along a ~ 30 km transect in the 
transport direction exhibit a northwest decreasing age pattern.  Ages vary from pre-burial 
Proterozoic detrital ages in the southeast, through 121 Ma to 91.0 Ma cooling ages in the 
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Stirling Quartzite towards to northwest.  Further northwest, where the BCD truncates the 
Stirling Quartzite, cooling ages vary from 75.0 Ma to 67.7 Ma in the subjacent Johnnie 
Formation.  Microprobe compositional analyses integrated with petrographic thin section 
observations aided in discriminating age spectra resulting from neoblastic versus detrital 
muscovites, or a mixture of both. The general pattern of 40Ar/39Ar muscovite ages 
decreasing towards the northwest is consistent with the differences in depth of 
metamorphism and, for the Late Cretaceous, top-to-northwest motion during exhumation, 
consistent with mesoscopic and microscopic kinematic studies.  Muscovite samples from 
the footwall of the Chloride Cliff shear zone consistently yielded early Eocene to mid-
Oligocene ages with a general northwest  decreasing age pattern (53 to 29 Ma), and are 
interpreted to reflect the age of ductile deformation likely confined along the intra core 
shear zone.  Two samples from the immediate footwall of the BCD from the higher grade 
portion of the core complex to the northwest (Monarch Canyon and Hells Gate) yielded 
ages younger than Late Cretaceous (62 Ma and 57 Ma).  These are interpreted to either 
represent variably reset Late Cretaceous ages resulting from distributed Paleocene 
leucogranitic dikes and sills or a previously unrecognized early Tertiary deformation 
event which has affected the deeper structural levels and may have also locally partially 
overprinted the shallower structural levels in this portion of the core complex.  A pseudo-
plateau 40Ar/39Ar muscovite age (159.2 ±.2.1 Ma) from the lower metamorphic grade, 
southeast portion of the Funeral Mountains metamorphic core complex (which we call 
zone 2), may record crystallization associated with late Jurassic thrust burial and 
prograde metamorphism. The 40Ar/39Ar muscovite plateau ages (146.0 ± 1.1 and 152.6 ± 
1.4 Ma) from middle greenschist rocks situated southwest of zone 2 (Indian Pass area) 
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are younger than the transition zone ages (zone 2) and the Lu-Hf age from the same area 
(162.1 ± 5.8 Ma), and are interpreted to reflect cooling ages probably due to erosion of a 
northwest tilted stratigraphy.  
Our findings indicate that the core rocks of the Funeral Mountains were buried during 
the Late Jurassic, and were rapidly exhumed initially by movement along the precursor 
BCD during the Late Cretaceous, and then probably after a small hiatus in tectonic 
activity, exhumation resumed during late early Tertiary with deformation likely confined 
along discrete ductile shear zones. 40Ar/39Ar muscovite ages from the footwall of 
Chloride Cliff shear zone apparently exhibit a cooling age break across the fault, rather 
than a gradual younging of ages downwards. 
Introduction 
One of the limitations to our understanding of the tectonic evolution of many 
orogenic belts is the lack of well-constrained chronologies on unroofing events. While it 
is generally accepted that the dominant extension in the Basin and Range province of the 
western United States was Cenozoic, there is substantial evidence for episodic Mesozoic 
extension in several localities within the hinterland of the Sevier orogenic belt (Fig. 1) 
while contractional deformation was still active further east in the foreland of the orogen 
(Hodges and Walker, 1990, 1992; Wells et al., 1990, 2005; Carl et al., 1991; Applegate et 
al., 1992; Foster et al., 1992; Wells and Hoisch, 2008).  For example, the Old Woman 
and New York Mountains of the Mojave Desert, the Raft River-Grouse Creek Mountains, 
and Pequop Mountains-Wood Hills of the Great Basin, are a few localities where Late 
Cretaceous extension has been confirmed (e.g., Carl et al., 1991; Wells et al., 1990, 2005; 
Camilleri and Chamberlain, 1997).  However, the timing of extension in some areas of 
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the Sevier hinterland that have been purported to record Mesozoic extension, remain 
poorly constrained.  The relative component of Mesozoic versus Cenozoic extension (c.f., 
Applegate and Hodges, 1995; Hoisch and Simpson, 1993) as well as the regional nature 
of Mesozoic extension is still has not fully understood (Dickinson, 2002, 2004, Ernst, 
2010).  Improved timing constraints of exhumation events will aid us to better understand 
the regional significance of Mesozoic extension, as well as the mechanisms and causes of 
synconvergent and postconvergent episodic extension in the Sevier orogenic belt, and 
other orogens worldwide. 
The Funeral Mountains of Death Valley National Park is an area where the record of 
Cenozoic extension is reasonably clear (e.g., Holm and Dokka, 1991), but where the 
existence of Late Cretaceous extension remains controversial (e.g, Applegate et al., 1991; 
Hoisch and Simpson, 1993, Mattinson et al., 2007).  The Funeral Mountains therefore 
represent an excellent place to better test whether Cretaceous extension occurred, to 
better resolve the timing of this purported event, and to evaluate the relative contributions 
of Cretaceous and Miocene extension in the unroofing of the metamorphic rocks seen at 
the surface today.  The Funeral Mountains are an auspicious target for this study of 
Cretaceous extension for the following reasons. First, they are one of several localities 
known within the Sevier foreland fold and thrust belt that appear to show evidence of 
Late Cretaceous extension when looking through the veil of Cenozoic extension (Hodges 
and Walker, 1990; Applegate et al., 1992; Hoisch and Simpson, 1993, Applegate and 
Hodge, 1995; Mattinson et al., 2007). Second, unlike many core complexes in the North 
America Cordillera, the Funeral Mountains did not undergo significant heating due to 
Cenozoic magmatism (Hodges and Walker, 1990; Holm and Dokka, 1991; Hoisch and 
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Simpson, 1993) thus preserving the pre-Cenozoic thermal history of a portion of the 
Cordilleran hinterland crust (Hodge and Walker, 1990; Applegate et al., 1992; Applegate 
and Hodge, 1995).  Third, the Funeral Mountains core complex (Wright and Troxel, 
1993) comprises metasedimentary rocks that contain muscovite-bearing carbonate rocks 
(carbonate marker beds, calc-mylonite, and marble) amenable to constrain the age of syn 
and/or post convergent ductile extension by using muscovite 40Ar/39Ar 
thermochronology.  
In the Funeral Mountains, previous workers disagree on whether the core rocks were 
exhumed by single-stage movement along the Boundary Canyon Detachment (BCD) 
during Miocene time, or alternatively, by a two-stage exhumation with synconvergent 
Cretaceous extension along intra-core ductile shear zones followed by post-convergent 
Miocene extension along the BCD (Applegate and Hodges, 1995). Should the two-stage 
model be correct, there remains controversy as to whether Mesozoic or Cenozoic 
extension was the dominant cause for exhumation of the Funeral Mountains core 
complex.  Hamilton (1988) and Hoisch and Simpson (1993) consider the exhumation to 
be entirely Cenozoic with exhumation accomplished by Tertiary slip along the BCD 
(11.0-6.0 Ma).  Applegate et al. (1992), Applegate (1994), and Applegate and Hodges 
(1995) viewed exhumation as dominantly Mesozoic, with Miocene exhumation along the 
BCD being of secondary importance.  
No systematic thermochronological studies have been attempted along the lengths of 
the footwalls to the BCD or the intra core shear zone, to properly determine the timing of 
initiation and cessation of movement along these structures, and to test the relative 
contributions of Mesozoic and Cenozoic extension.  This will also allow comparison of 
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ages of core complex exhumation in the Funeral Mountains with ages of other well-
studied core complexes within the Death Valley region as well as along the length of the 
Sevier hinterland.  Ages of the ductile shear zones and thus mylonite development in the 
Funeral Mountains are poorly constrained. Mattinson et al. (2007) suggested that 
mylonite development in Monarch Canyon occurred between ~62-22 Ma, evidenced by 
62 Ma leucoganitic dike and 22 Ma mafic dikes which crosscut mylonitic fabrics at all 
structural levels in Monarch Canyon.  This conclusion contradicts observations of 
Applegate et al. (1992), who reported a 72 ± 1 Ma age on deformed pegmatite dikes and 
70 ± 1 Ma age on undeformed pegmatite that crosscuts the foliation that deforms the first 
one, indicating that a deformation event was ongoing at 72 Ma and had ceased by 70 Ma.  
Based on these constraints, Applegate and Hodges (1995) proposed Late Cretaceous 
extension in the Funeral Mountains.  Thus, the U-Pb geochronology and field 
observations and interpretations provide contradictory views of the importance of 
Cretaceous extension in the Funeral Mountains. 
40Ar/39Ar thermochronology of footwall rocks is one of the methods utilized to date 
deformation of normal faults and low-angle detachment faults, where there are no cross-
cutting structures or bracketing igneous and sedimentary rocks (e.g., Foster and John, 
1999; Wells et al., 2000).  We collected a suite of muscovite-bearing meta-carbonate 
samples from the footwalls of BCD and intra-core Chloride Cliff shear zone (Figs. 2 
through 4).  For samples collected along the length of the immediate footwall of the 
BCD, we hypothesized that the oldest 40Ar/39Ar muscovite ages from relatively clean 
carbonate rocks from the lowest grade rocks would reflect the age of metamorphism and 
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mineral growth whereas we anticipated the higher grade rocks to the northwest to yield 
the youngest ages and to reflect cooling ages.   
This chapter presents the tectonic implication(s) of 40Ar/39Ar muscovite ages from 
metacarbonate rocks and schists collected from the footwall of the BCD and intra core 
Chloride Cliff shear zone, in transects approximately parallel to the general transport 
direction.  For samples from the immediate footwall of BCD, the pattern of ages 
decreasing toward the northwest is consistent with differences in depth of metamorphism, 
with age variations reflecting a progressive degassing and rejuvenation of the argon 
systematics in muscovite, as well as new metamorphic growth. The continued decrease of 
ages towards the northwest reflects progressive cooling, with a robust signature of Late 
Cretaceous cooling suggesting exhumation during top-to-northwest motion; the latter 
observation is consistent with mesoscopic and microscopic kinematic studies. Two 
samples (one from Monarch Canyon and the other from the Hells Gate area) that yielded 
62 and 57 Ma 40Ar/39Ar ages, are interpreted to reflect either local resetting by distributed 
Paleocene leucogranitic dikes and sills (Mattinson et al., 2007) or argon loss due to 
localized Tertiary ductile deformation. Samples from the footwall of the structurally-
lower intra-core Chloride Cliff shear zone (CCSZ) yield Tertiary 40Ar/39Ar muscovite 
ages (53 to 29 Ma). These ages are interpreted to reflect a more youthful age of 
extensional ductile deformation confined along the CCSZ. This study shows the 
importance of both Late Cretaceous and early-mid Tertiary deformation for the 
exhumation of metamorphosed mid-crustal core rocks of the Funeral Mountains to the 
surface, and calls for re-evaluating earlier studies in which exhumation of many core 
complexes was thought to have occurred solely along Miocene-age detachment faults.  
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Overview of Mesozoic extension in the Sevier hinterland 
Distribution of Mesozoic extension in the Sevier hinterland 
The Sevier hinterland is characterized dominantly by unmetamorphosed Paleozoic 
sedimentary rocks; however, locally, greenschist to amphibolite facies rocks are exposed 
beneath low-angle detachment faults and shear zones in the metamorphic core complexes 
(e.g., Crittenden et al., 1980).  Although the metamorphic core complexes have been 
widely interpreted as products of large magnitude Cenozoic extension (e.g., Wernicke et 
al., 1992), there is substantial evidence suggesting episodic Mesozoic extension in several 
localities within the Sevier hinterland.  This is most easily recognized in areas where 
regional Cenozoic extension is insignificant (e.g., Carl et al., 1991; Wells et al., 2005; 
Wells and Hoisch, 2008). Careful structural and geochronological studies are increasingly 
recognizing polyphase Mesozoic-Cenozoic extensional histories (Hodges and Walker, 
1992; Applegate et al., 1992; Wells and Hoisch, 2000; Wong and Gans, 2009).   
Areas showing evidence of Cretaceous extension in the western Cordillera hinterland 
from south to north include: 1) Little Maria-Big Maria Mountains, 2) Turtle Mountains, 
Iron Mountains 3) Old Woman-Piute Mountains, 4) New York Mountains, 5) Rand 
Schist of the southern California, 6) Central Mojave core complex, 7) Iron Mountains and  
Granite Mountains of the Eastern Mojave Desert, 8) Panamint Range, 9) Funeral 
Mountains, 10) Ruby-East Humboldt, Toano, and Pilot Ranges, 11) Albion-Raft River-
Grouse-Creek Mountains, 12) Black Pine Range, 13) Bittterroot Range, 14) Anaconda 
core complex and Priest River complex, and 15) Kettle and Okanagan domes (Hodges 
and Walker, 1992; Kula, 2002; Kula et al., 2002; Wells and Hoisch, 2008; Chapman, 
2008; Wong and Gans, 2009). 
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The veracity of the documentation of Cretaceous extension in the Sevier hinterland 
varies significantly between areas, and cited examples range from reasonably well 
understood to mere inference. The eastern Mojave Desert region of southeastern 
California, for instance, is one area where Cretaceous exhumation is especially 
widespread and the magnitude and timing of Cretaceous exhumation is perhaps the best 
understood (Wells and Hoisch, 2008). Timing constraints on Cretaceous exhumation in 
the eastern Mojave Desert generally fall in similar restricted time intervals: 75 to 67 Ma 
in the Iron Mountains (Wells et al., 2002; Wells and Hoisch, 2008), 73 to 65 Ma in the 
Old Woman Mountains (Carl et al., 1991; Foster et al., 1992), 73 to 69 Ma in the Granite 
Mountains (Kula, 2002; Kula et al. 2002), and 74 to 68 Ma in New York Mountains 
(Beyene, 2000; Wells et al., 2005).  In these mountains ranges, the timing of extensional 
shearing has been shown to be coeval with some granitic magmatism (Wells and Hoisch, 
2008).  For instance, in the New York Mountains, the Pinto shear zone is an extensional 
shear zone situated within the eastern fringe of the Mesozoic magmatic arc. The footwall 
rocks were exhumed between ~ 74 and 68 Ma following crustal anatexis and magmatism 
in the region (Beyene, 2000; Wells et al., 2005). The metamorphic and plutonic rocks in 
the Old Woman Mountains underwent rapid cooling between 73 and 65 Ma, implying 
rapid tectonic denudation (Carl et al., 1991; Foster et al., 1992), following intrusion of the 
Old Woman pluton. 
North of the eastern Mojave Desert region, the record of Late Cretaceous extension is 
more geographically sparse, but nonetheless locally compelling. The Funeral Mountains 
shows evidence of Late Cretaceous extension, however, the timing of extension is poorly 
constrained. The only timing constraint is from a deformed pegmatite which was dated at 
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72 ± 1 Ma, and a pegmatite that crosscuts the foliation that deforms the first was dated at 
70 ± 1 Ma, indicating that a deformation event was ongoing at 72 Ma and had ceased by 
70 Ma (Applegate and Hodges, 1995).  In contrast, Mattinson et al. (2007) suggested that 
mylonite development in the Funeral Mountains occurred between ~62-22 Ma, evidenced 
by deformation of 62 Ma granitic dikes and 22 Ma undeformed mafic dikes which 
crosscut mylonitic fabrics at all structural levels in Monarch Canyon.  Mattinson’s data 
conflict’s with Applegate’s, in that he showed the deformation continued well past 70 
Ma.  
Proposed models of extension in contractional orogens 
Although there is evidence suggesting that Mesozoic extension occurred both during 
and following contractional mountain building in several localities within the Sevier 
hinterland (Hodges and Walker, 1990, 1992; Wells et al., 2005; Carl et al., 1991; 
Applegate et al., 1992; Foster et al., 1992), the causes of synconvergent extension are not 
fully understood and are still an active area for research.  The four well-received 
proposed thermal/ mechanical models of extension in contractional orogens include: 
rheological weakening (Artyushkov, 1973; Molnar and Lyon-Caen, 1988), delamination 
(Bird, 1979; Wells and Hoisch, 2008), supercritical wedge taper (Platt, 1986), and slab 
rollback (e.g., Royden, 1993; Jolivent and Burn.(2010), and are summarized in table 1 
below and discussed briefly later.  
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Table 1. Proposed models of extension in contractional orogens and the 
corresponding testable predictions 
 
Proposed model Predicted timing gap 
between peak 
thickening and heating 
Timing gap between inception 
of extension and thickening 
Predicted location 
of extension 
Rheological 
weakening 
significant  significant backarc/hinterland 
Delamination relatively significant relatively significant; fast 
exhumation 
backarc/hinterland 
Supercritical 
wedge taper 
insignificant  insignificant-abrupt switch from 
tectonic burial to exhumation 
backarc /hinterland 
Slab rollback N/A N/A within or behind 
the arc 
 
The Funeral Mountains lie within the hinterland metamorphic belt, and consist of 
Barrovian metamorphic rocks.  We collected muscovite-bearing marble samples from the 
entire length of the Funeral Mountains core complex along the footwall of the BCD, in a 
transect approximately parallel to the tectonic transport direction.  These data will help us 
at least to address whether there was sufficient time to allow thermal relaxation which 
may lead to rheological weakening of the crust, or whether there was no time lag between 
thickening and inception of extension, and thus other proposed models for synconvergent 
extension should be considered.  
Background overview of the Funeral Mountains 
Geologic Setting 
The Funeral Mountains, located in Death Valley National Park in southeastern 
California, are situated in the hinterland of Sevier fold-thrust belt (Fig. 1).  The area lies 
in the strongly extended region of the central Basin and Range, which extended as much 
as 160 km predominantly by Cenozoic regional extension (Wernicke et al., 1988).  The 
metamorphic core rocks in the Funeral Mountains are bounded by the Tertiary Boundary 
Canyon detachment on the northwest and north, and the Keane Wonder fault on the west 
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and southwest (Wright and Troxel, 1993) (Fig. 2). The detachment fault system separates 
metamorphosed rocks in the footwall from subgreenschist unmetamorphosed Proterozoic 
to Oligocene and younger volcanic and sedimentary rocks in the hanging wall 
(Applegate, 1994).  Ductile fabrics recording multiple episodes of deformation are 
exposed in the core complex rocks (Applegate, 1994).  Applegate (1994) suggested these 
fabrics record a history of Mesozoic shortening followed by episodic Late Cretaceous and 
Miocene extension.  
Stratigraphy 
Proterozoic metasedimentary core rocks of the Funeral Mountains are overlain by 
predominantly nonmetamorphosed Neoproterozoic to Tertiary sedimentary rocks across 
the Boundary Canyon detachment fault. The oldest rocks in the Funeral Mountains 
belong to the Proterozoic Pahrump Group (McAllister, 1971; Hoisch and Simpson, 1993; 
Wright and Troxel, 1993) (Figs. 2 and 3). This Group includes the Crystal Spring 
Formation (schists, quartzites, amphibolites, and marbles), Beck Spring Dolomite, and 
Kingston Peak Formation (schists, marbles, and metaconglomerates) (Fig. 2). These 
rocks occupy most of the northwestern portion of the Funeral Mountains, and comprise 
the Chloride Cliff area (Fig. 2).  The Pahrump Group is overlain by the Neoproterozoic 
Noonday Dolomite, Johnnie Formation, and Stirling Quartzite. The Johnnie Formation is 
exposed in erosional windows beneath the overlying Stirling Quartzite in a few localities 
in the southeastern portion of the study area, and in a continuous thinner belt in the 
central and northwestern portion of the area beneath the Boundary Canyon detachment 
fault (Fig. 2). Pahrump Group rocks in the Monarch Canyon area are intruded by younger 
igneous dikes and sills including, from the oldest to the youngest: 90-70 Ma folded- 
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leucogranite dikes, 86 Ma pegmatites, 72-70 Ma granitic pegmatites, 62 Ma folded-
granitic dike which cut the deformed-leucogranite, and 22 Ma mafic dikes which cut all 
the older dikes and sills (Applegate, 1994; Mattinson et al., 2007).  The hanging wall of 
the core bounding faults (Boundary Canyon detachment along the northern flank and the 
Keane Wonder fault along the southern flank) is predominantly composed of 
subgreenschist to lower greenschist facies Neoproterozoic to Cambrian sedimentary 
rocks including the Neoproterozoic Stirling Quartzite and Neoproterozoic-Cambrian 
Wood Canyon Formation, overlain by the Tertiary volcanic and sedimentary hanging 
wall rocks (Fig. 2) (Wright and Troxel, 1993).  
Extensional structures in the Funeral Mountains core complex 
Extensional structures documented in the Funeral Mountains core complex include 
the core-bounding detachment faults, intra-core ductile extensional shear zones, northeast 
oriented high-angle faults, and relatively low-to moderate-angle faults with minor 
displacement. The core-bounding Boundary Canyon detachment and the Keane Wonder 
faults appear to merge to the north (Fig. 2); however, whether these are two separate 
faults or a single folded detachment remains controversial. Hamilton (1988) suggested 
that these faults represent traces of the same fault that has been folded, but Wright and 
Troxel (1993) oppose this suggestion and interpret the two faults as distinct. Previous 
studies consider the BCD and the Keane Wonder fault as Miocene and Miocene and/or 
younger, respectively (e.g., Hoisch and Simpson, 1993; Applegate and Hodges, 1995). 
Potential Mesozoic extensional structures in the Funeral Mountains core rocks 
include: Late Cretaceous intra-core ductile extensional shear zones and their associated 
mylonitic fabrics including foliation and stretching lineation (Monarch Canyon, Chloride 
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Cliff, and Eastern shear zones) as well as associated Late Cretaceous tight to isoclinal 
folds, axial planar foliation, crenulation hinge and intersection lineations (Applegate et 
al., 1992; Troxel and Wright, 1993; Applegate and Hodges, 1995).  Applegate (1994) 
suggested that the Mesozoic unroofing along ductile shear zones was followed by a long 
period of tectonic quiescence prior to Miocene extension accommodated by the BCD; 
both extensional events were likely associated with doming. The last unroofing event was 
accommodated by the Keane Wonder fault and associated normal faults within the core 
(Fig. 2).  With the exception of the Keane Wonder fault, all structures have a WNW 
inferred vergence or transport direction (Hoisch and Simpson, 1993; Applegate, 1994; 
Applegate and Hodges, 1995).  The Keane Wonder fault is described as a low-angle fault 
that runs parallel to the Northern Death Valley fault zone (Applegate, 1994). Along the 
southeastern side, the Keane Wonder fault exhibits right lateral movement as evidenced 
by the offset of a large Mesozoic anticline in the hanging wall of the Schwaub Peak thrust 
(Cemen and Wright, 1990) (Fig. 2).  Diagonally oriented normal faults mapped between 
these two faults were thought to transfer strain between these faults (Cemen and Wright, 
1990).  Despite the fact that the Keane Wonder fault exhibits evidence for right-lateral 
motion in the southeastern portion, it is also parallel to some of the low to moderate 
angle, southwest dipping normal faults (Fig. 2) in the northern Funeral Mountains 
(Applegate, 1994).  
Mesozoic ductile shear zones 
Ductile shear zones are the main protracted Mesozoic extensional structures within 
the Funeral Mountains core complex and were initially mapped by Troxel and Wright 
(1993), and later documented by Applegate (1994).  Applegate (1994) and Applegate and 
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Hodges (1995) proposed that the intracore shear zones are responsible for a significant 
component of the unroofing of the rocks beneath their shear zones (the Monarch Canyon 
and Chloride Cliff).  
Major formation contacts of the Proterozoic sedimentary rocks in the Funeral 
Mountains were interpreted as extensional shear zones (Wright and Troxel, 1993; 
Applegate and Hodges, 1995) mainly because of the significant stratigraphic omissions 
and discontinuities across these structures (Applegate and Hodges, 1995). The contact 
between middle and upper members of the Stirling Quartzite and Johnnie Formation is 
referred to as the Eastern shear zone (Fig. 2). The contact between the Johnnie Formation 
and the Kingston Peak Formation omits the Noonday Dolomite and is referred to as the 
Monarch Canyon shear zone. Finally, the basal contact of Kingston Peak Formation is 
referred to as the Chloride Cliff shear zone; it places the Kingston Peak Formation over 
the Beck Spring Dolomite, but without a clear stratigraphic break or omission. Rocks 
along the Monarch Canyon shear zone and Chloride Cliff shear zone are strongly 
deformed and ductiley attenuated. The thicknesses of the Noonday Dolomite and 
Kingston Peak Formation are increasingly reduced to the northwest to less than 10 meters 
(Applegate and Hodges, 1995). Stratigraphic omissions across structures that juxtapose 
different structural levels has been interpreted as down-dip extensional shearing initiated 
along, or low angles to, initially inclined lithologic layering and rheological boundaries in 
other core complexes of the western Cordillera (e.g., Camilleri and Chamberlain, 1997; 
Wells, 2001) and will be discussed in detail latter.  The map pattern shows that none of 
the ductile shear zones in the Funeral Mountains core complex cut the main core-
bounding low-angle faults. 
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Applegate and Hodges (1995) linked the strong foliation developed throughout the 
northwestern end of the core complex to development of Mesozoic ductile shear zones, 
and described most of the rocks in the lower plate as L-S tectonites. The stretching 
lineations in these rocks suggest a west/northwest-east/southeast movement direction.  
Kinematic indicators in the footwall of the three shear zones exhibit top-to-the-northwest 
shear sense (Applegate and Hodges, 1995).  Hoisch and Simpson (1993) also documented 
a similar sense of movement for rocks immediately beneath the BCD. 
Methods 
40Ar/39Ar thermochronology 
Sixteen samples were collected mainly from muscovite-bearing metacarbonate rocks 
(calc-mylonite, calcitic and dolomitic marble marker beds, and schist) along a ~30 
kilometer transect in the immediate footwall of BCD zone, in a direction approximately 
parallel to the slip direction for the detachment.  Seven samples were collected from the 
footwall of the Chloride Cliff shear zone in a direction approximately parallel to the 
general transport direction, and three samples were collected from the Indian Pass area 
where we have successfully dated garnet growth by the Lu-Hf method (Figs. 2 through 
4).  One sample was also collected from the hanging wall of the BCD. GPS locations of 
muscovite samples are given below in table 1. Muscovite-bearing carbonate rocks were 
selected for two reasons: (1) previous 40Ar/39Ar analyses of biotite and amphibole from 
the NW end of the range were shown to be plagued with excess argon problems whereas 
40Ar/39Ar systematics in muscovite did not appear to have excess argon (Dewitt and 
Wright, 1988; Applegate, 1994), and (2) to avoid potential difficulties from dating 
mixtures of clastic and neoblastic micas in low-grade clastic rocks (Kirschner et al., 
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1996), it was hypothesized that relatively clean dolomitic marbles would be free of 
detrital white mica and that all muscovite would be neoblastic. 
The 28 muscovite-bearing samples were crushed to approximately 2 millimeter size 
fragments and dissolved in 5 % HCl solution.  The purpose of the weak acid dissolution 
is to dissolve the carbonate and maintain the natural sizes of muscovite grains, and to 
obtain sufficient muscovite grains in marbles that were typically muscovite-poor, 
especially the fine-grained muscovite-bearing marbles from the lower grade portion of 
the core complex in the southeast.  If strong acid had used, it might have likely damaged 
the mica grains.  After the dissolution was completed and the samples were dried, each 
sample was cleaned in an ultrasonic bath using alcohol and reverse osmosis water. The 
samples were then dried and separated from other minerals by using a combination of 
Frantz Isodynamic magnetic separation and density separation; hand picking was the 
final step to insure greater than 99% purity. 
Following irradiation, samples were analyzed at the Nevada Isotope Geochronology 
Laboratory at the University of Nevada, Las Vegas using the step-heating method.  
Laboratory procedures are described in appendix A.  Sample locations are shown in Figs. 
2 through 4, the determined 40Ar/39Ar muscovite ages are shown in Figs. 5 through 10, 
and a summary of analyses are presented in tables 1, 2, and 3.   Data are presented at the 
one-sigma level of uncertainty in tables 1, 2, and 3.  A description of the laboratory 
procedures, the 40Ar/39Ar data tables, Ca/K and K/Ca plots are provided as Appendices 
A-E.  A plateau is defined as consisting of three or more contiguous steps that represent 
more than 50% of 39ArK released and these steps must be concordant with the inferred 
plateau age within the 2σ level (e.g., Dalrymple and Lanphere, 1974).  Pseudo-plateau 
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ages refer to the weighted mean age calculated using the flattish portion of the age 
spectrum when the strict definition of a plateau age is not met.  A minimum cut-off of 
40% 39Ar released is used to define pseudo-plateau ages.  If neither plateau nor pseudo-
plateau methods of age determination produce a satisfactory result, inverse isochron 
analysis may be used to determine age. Inverse isochron analyses use a 36Ar/40Ar versus 
39Ar/40Ar plot (McDougall and Harrison, 1999).  The age determined by the inverse 
isochron method, unlike that yielded by a spectrum, is not affected by trapped argon 
40Ar/36 because this diagram is useful to recognize atmospheric argon and excess 40Ar.  
Almost all the muscovite samples from the Funeral Mountains core rocks produced near 
100% radiogenic yield, as a result the points plot in the same area, precluding isochron 
analysis for age determination. Thus, with the exception of one sample, no isochron plots 
are included.  Here, we applied the above described methods to interpret our data. 
Microprobe analysis 
Muscovite grain-mounts (multiple grains per sample) for each muscovite sample 
analyzed by the 40Ar/39Ar method were analyzed using the JEOL 8900 Electron Probe 
Microanalyzer (EPMA) at the University of Nevada, Las Vegas.  The purpose of the 
analysis was to determine whether the analysed muscovite for each dated sample was 
from one compositional generation of white mica or a mixture of two or more phases of 
micas. This was done by plotting the results of the analysis (cations) on ternary diagrams 
of Mg+Fe2+-K-Na and Mg+Fe2+-K+Na-Al.  The Mg+Fe2+-K-Na ternary diagram, in 
particular, portrays the discrimination of phases of micas present in each sample 
especially well, and aids in understanding and interpreting the corresponding 40Ar/39Ar 
age spectrum for each muscovite sample.  The analyses also aid in discriminating 
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neoblastic versus detrital micas, which when integrated with petrographic thin section 
observations, are particularly helpful in interpreting the muscovite age spectra from the 
lower grade portion of the study area to the southeast. 
Results 
40Ar/39Ar Thermochronology 
40Ar/39Ar muscovite ages from the footwall of the Boundary Canyon detachment fault 
 
The study area is divided into four zones, based on similarities in the behavior of the 
40Ar/39Ar isotope systematics in muscovite within specific areas along the 30-km-long 
transect immediately beneath the BCD and across the metamorphic field gradient. 
Zone 1 muscovite ages. 
 
Zone 1 is situated in lower (?) greenschist facies rocks along the southeastern flank of 
the core complex.  Four muscovite-bearing carbonate marker beds were sampled from 
four locations along the traverse: MB07FM-20, MB07FM-22B, MB07FM-23, and 
MB07FM-25 (Fig. 2).  Sample MB07FM-20 generally exhibits a steep age gradient in the 
first 30% of 39Ar released, with ages increasing from 203.8 ± 4.8 Ma to 1195.7 ± 15.0 
Ma.  A muscovite plateau age of 1196.57 ± 14.1 Ma is determined for heating steps 8 
through 11, over 51.7% of the 39Ar released (Fig. 5).  A moderate age gradient 
characterizes the higher temperature gas fractions with an age reaching a maximum of 
1252.2 ± 15.4 Ma. The sample yielded a muscovite total gas age of 1049.5 ± 6.1 Ma. 
Muscovite MB07FM-22B collected from the Johnnie Formation in the core of the 
Winters Peak anticline, yields a preferred age of 1050 ± 8.7 Ma and a total gas age of 
864.6 ± 3.2 Ma.  The muscovite age spectrum generally exhibits steep age gradient with 
ages increasing from 330.6 ± 3.4 Ma to 1032.3 ± 8.6 Ma, and a somewhat flattish 
98 
segment for heating steps five through nine which represents 27 % of the 39Ar released 
(Fig. 5). This is followed by a saddle, with ages decreasing for the next six consecutive 
heating steps, and then increasing in a stair-step fashion for the next four heating steps, 
reaching a maximum age of 1127.4 ± 9.1 Ma, followed by a decrease in age to 549.2 ± 
6.3 Ma for the last two heating steps.  
Sample MB07FM-23 was collected from the area immediately northwest of Sample 
MB07FM-22B and yields a muscovite total gas age of 953.3 ±11.1 Ma. Similar to 
MB07FM-22B, the muscovite age spectrum generally exhibits an initial steep age 
gradient followed by a saddle-shaped age spectra (Fig. 5).  
Sample MB07FM-25 is from the northwest section of zone 1 (Fig. 2). The sample 
yielded a muscovite total gas age of 1497.6 ±13.3 Ma. The age spectrum has a similar 
shape to Sample MB07FM-23. The muscovite age spectrum generally exhibits an initial 
steep age gradient with ages increasing from 443.2 ± 6.0 Ma to 1467.5 ± 14.0 Ma, a 
somewhat flattish portion to the age spectra over the intermediate temperature gas 
release, followed by a steep age gradient over the last five heating steps (Fig. 5).  
Zone 2 muscovite ages. 
 
Zone 2 covers the transition area between zone 1 to the southeast and zone 3 to the 
northwest.  Zone 2 lay at the transition temperature between Zone 3 (discussed below) to 
the northwest, which represent complete argon loss and thus record cooling ages, and 
zone 1 to the southeast, which is characterized by no or minimal argon loss, and thus 
recorded Proterozoic pre-burial detrital ages. Two samples (MB07FM-28 and MB07FM-
31) were collected from this zone. Both samples exhibit age spectra characterized by age 
gradients in the first 25-30% 39Ar released, a flattish portion over the intermediate 
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furnace temperatures of gas release, and a steep age gradient over the last 25-30% of 39Ar 
released.  Sample  MB07FM-28 from the southeastern end of this zone exhibits a 
somewhat steep age gradient over the first five heating steps (67.28 ± 1.3 Ma through 
101.42 ± 1.31 Ma), a segment showing similar ages for intermediate furnace 
temperatures, and a steep age gradient for steps sixteen through eighteen (199.1 ± 2.5 Ma 
to 345.3 ± 4.1 Ma). A preferred age of 159.2 ± 2.0 Ma was calculated from the flattish 
portion of the age spectrum (Fig. 6). The sample yields a total gas age of 178.3 ± 1.2 Ma. 
Muscovite age spectrum for sample MB07FM-31 exhibits a steep age gradient for the 
first eight heating steps (77.71 ± 1.1 Ma through 199.2 ± 2.3 Ma), a flattish segment for 
heating steps nine through thirteen (Fig. 6), and a steep age gradient for heating steps 
fourteen through nineteen (199.45 ± 2.3 through 872.51 ± 8.5 Ma), and then the age 
drops to 662.97 ± 6.8 Ma for the last heating step.  A preferred age of 179.9 ± 2.1 Ma 
was calculated from the flattish portion of the age spectrum (Fig. 6). The sample yielded 
a total gas of 233.3 ± 1.4 Ma. 
Zone 3 muscovite ages. 
 
Zone 3 occupies the dominant portion of the study area and includes Stirling 
Quartzite to the SW and Johnnie Formation to the NW (Fig. 2). Rocks in this zone are 
generally metamorphosed at middle greenschist facies (Labotka, 1980) in the southeast 
and progressively higher grades to the northwest (Fig. 2). Three samples (MB07FM-32, 
MB07FM-12, and MB07FM-14) were collected from this zone in a traverse 
approximately parallel to the transport direction.  Muscovite (MB07FM-32) yields an age 
spectrum with a steep age gradient for the first ten consecutive heating steps (104.42 ± 
2.5 Ma through 122.8 ± 1.4 Ma), and pseudo-plateau age of 119.0 ± 2.1 Ma for heating 
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steps eleven through seventeen (41.1% 39Ar released) (Fig. 7). The sample yields a total 
gas age of 121.2 ± 1.0 Ma, which is similar to the apparent plateau age.  
Sample MB07FM-12 is situated northwest of MB07FM-32, yields a total gas age on 
muscovite of 111.2 ± 1.0 Ma (Fig. 7).  This sample shows a steep age gradient for the 
first fifteen consecutive heating steps, reaching a maximum age of 118.0 ± 1.7 Ma at the 
fifteenth heating step.  All intermediate heating steps yield a flattish segment in which a 
preferred age of 114.2 ± 1.6 Ma was calculated (Fig. 7), with the exception of the two 
highest temperature steps.  Sample MB07FM-14 is from the furthest northwest locality in 
zone 3, and lies in the hanging wall of the Eastern Shear zone (Fig. 2). Muscovite yields a 
plateau age of 91.0 ± 1.3 Ma for heating steps nine through sixteen (77% 39Ar released). 
The sample yields a total gas age 87.8 ± 1.0 Ma (Fig. 7). 
Zone 4 muscovite ages. 
 
Zone 4 occupies the higher grade, northwestern portion of the core complex, 
consisting of rocks of the Pahrump Group overlain by the Johnnie Formation (Fig. 2). 
Samples were collected from Johnnie Formation (six from calc-mylonite and marble, and 
one from a deformed granitic dike) beneath the BCD. Sample MB07FM-36 is the 
southernmost sample collected from calc-mylonite in the Johnnie Formation, and lies in 
the footwalls of both the Eastern shear zone and BCD (Fig. 2). The sample yields a 
muscovite plateau age of 75.0 ± 0.7 Ma for heating steps six through seventeen during 
which 70.4% of the 39Ar was released (Fig. 8). The sample yields a muscovite total gas 
age of 74.0 ± 0.6 Ma.  Sample MB07FM-39 was collected from a calc-mylonite situated 
immediately beneath the BCD, in the hanging wall of the Chloride Cliff shear zone (Fig. 
2).  The sample yields a muscovite plateau age of 79.2 ± 0.7 Ma for heating steps four 
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through nineteen and 58.0% of the 39Ar released (Fig. 8). The sample has a total gas 
muscovite age of 82.13 ± 0.7 Ma.  Sample MB07FM-40 yields a muscovite plateau age 
of 67.3 ± 0.4 Ma, comprising heating steps five through seventeen and 77.0% of the 39Ar 
released (Fig. 8). The sample yields a muscovite total gas age of 67.9 ± 0.4 Ma.  
Sample MB09FM-1 is from a fine-grained marble in the Monarch Canyon area (Figs. 
2 and 4). The sample yields a muscovite total gas age of 62.4 ± 0.3 Ma, and a preferred 
calculated age of 64.8 ± 0.4 Ma, which was calculated from a flattish portion of the age 
spectrum (step 7 through 16) (Fig. 8).  Sample MB09FM-4 is from a calc-mylonite from 
the immediate footwall of the BCD further northwest from MB09FM-1 (Figs. 2 and 4). 
The sample yields a total gas age of 83.8 ± 0.4 Ma. The sample exhibits a steep age 
gradient for the first seven consecutive heating steps (61.4 ± to 85.4 ± 0.4 Ma) and a 
somewhat flattish portion of the age spectrum with some minor irregularities for the next 
twelve heating steps (85.4 to 87.8 Ma) (Fig. 8).  
Sample MB07FM-44 was collected from a marble from the northwestern end of the 
core complex in the Johnnie Formation (Fig. 2). The sample yields a muscovite pseudo-
plateau age of 71.4 ± 0.9 Ma for heating steps four to nineteen and 42.2 % of the 39Ar 
released (Fig. 8). The sample yields a muscovite total gas age of 69.8 ± 0.7 Ma, similar 
with the plateau age. Sample MB07FM-46 was collected from a boudinaged equigranular 
granitic dike within the Johnnie Formation from the Hells Gate area. The sample yields a 
muscovite pseudo-plateau age of 56.2 ± 0.7 Ma for heating steps four through six and 
45.0% of the 39Ar released (Fig. 8). The sample also yields a total gas age of 55.6 ± 0.3 
Ma which is indistinguishable from the pseudo-plateau age. 
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Table 2. Summary of 40Ar/39Ar muscovite ages from zone 4 through zone 1 along the footwall of the BCD. 
 
Sample ID  
 
Plateau age 
(Ma)  
Pseudo-plateau 
age/preferred 
calculated age 
(Ma)  
Total gas age 
(Ma)  
Grain size 
analyzed (µm)  
Zone #  
 
Comments 
MB07FM-20 1196.6 ± 14.1 N/A 1049.5 ± 6.1 ~250-74 Zone 1 Plateau age is the preferred age; Dolomite marker bed 
MB07FM-22b N/A 1050 ± 8.7 864.6 ± 3.2 ~ 355-150 Zone 1 1050 ± 8.7 Ma is the preferred 
age, semi-schist 
MB07FM-23 N/A N/A 953.3 ± 11.1 ~180-90 Zone 1 Dolomite marker bed 
MB07FM-25 N/A N/A 1497.6 ± 13.3 ~250-74 Zone 1 Dolomite marker bed 
MB07FM-28 N/A 159.2 ± 2.0 178.3  ± 1.2 250-90 Zone 2 Preferred age~159.2 ± 2.0 (calculated age) 
MB07FM-31 N/A 179.9 ± 2.1 233.3 ± 1.4 ~180-90 Zone 2 Preferred age ~179.9 ± 2 Ma (calculated age) 
MB07FM-32 N/A 119.0 ± 2.1 121.2 ± 1.0 ~180-74 Zone 3 
119.0 ± 2.1 is preferred age 
(pseudo-plateau age); dolomite 
marker bed 
MB07FM-12 N/A 114.2 ± 1.6 111.2 ± 1.0 ~150-63 Zone 3 114.2 ± 1.6 is preferred (pseudo-plateau age) 
MB07FM-14 91.0 ± 1.3 N/A 87.8 ± 1.0 ~180-90? Zone 3 Plateau age is preferred age; Quartz mica schist 
MB07FM-36 75.0 ± 0.7 N/A 74.0 ± 0.7 ~180-90 Zone 4 Plateau age is preferred age; Calcmylonite 
MB07FM-39 79.2 ± 0.7 N/A 82.1 ± 0.7 ~180-90 Zone 4 Plateau age is preferred age; Calc-mylonite 
MB07FM-40 67.3 ± 0.4 N/A 67.9 ± 0.4 ~180-90 Zone 4 Plateau age is preferred age; Calc-mylonite 
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Sample ID  Plateau age 
(Ma) 
Pseudo-plateau 
age/preferred calculated ge 
(Ma)  
Total gas 
age (Ma)  
Grain size 
analyzed (µm)  
Zone #  
 
Comments 
MB09FM-1 N/A 64.8 ± 0.4 62.4 ± 0.3 ~180-106 Zone 4 Preferred age ~64.8 ± 0.4 (calculated); Calc-mylonite 
MB09FM-4 N/A N/A 83.8 ± 0.4 ~180-106 Zone 4 Calcmylonite 
MB09FM-44 N/A 71.4 ± 0.9 69.8 ± 0.7 ~180-90 Zone 4 Pseudo plateau age is preferred 
age; Marble 
MB09FM-46 N/A 56.2 ± 0.7 55.6 ± 0.3 ~354-180 Zone 4 Pseudo plateau age is the preferred age; Leucogranite dike 
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One sample (MB09FM-13, Fig. 2) was collected from a carbonate marker bed within 
Stirling Quartzite from the hanging wall of the BCD. This sample was collected to 
compare its age and mica composition with the ones in the footwall of the BCD from 
further to the southeast, to aid in estimating the magnitude of fault displacement. The 
sample yields a total muscovite gas age of 1024.8 ± 4.0 Ma, consistent with analyses 
from Zone 1. 
Muscovite ages from the footwall of Chloride Cliff shear zone 
We collected six samples of muscovite-bearing marble and one deformed granitic 
dike from the footwall of the Chloride Cliff shear zone (Fig. 2), to investigate whether or 
not the ductile shear zone is Mesozoic in age, and thus whether it contributed to 
exhumation of the core rocks during Mesozoic time as previously thought (e.g., 
Applegate and Hodges, 1995).  Of the seven samples, MB07FM-35 and MB07FM-3 are 
from Beck Spring Dolomite (Fig. 2), MB07FM-42, MB09FM-6, MB09FM-7, and 
MB09FM-11 are from variably deformed marble from the upper portion of Crystal 
Spring Formation, and MB07FM-43 is from a deformed equigranular granite dike from 
the same structural level as MB07FM-42 (Fig. 4). 
Sample MB07FM-35 is from a coarse-grained marble of the Beck Spring Formation 
from slightly lower grade rocks to the southeast with respect to MB07FM-3. The sample 
yields a total muscovite gas age of 53.3 ± 0.3 Ma and a 54.5 ± 0.6 Ma muscovite 
preferred age for intermediate temperature gas fractions (steps nine through thirteen) for 
which 31.6 % gas was released.  Sample MB07FM-3 yielded a younger total gas age of 
43.4 ± 0.2 Ma.  The sample shows a stair-stepped age spectrum with ages increasing from 
30.2 ± 0.7 Ma (second step) to 51.8 ± 0.6 Ma (Fig. 9). Sample M09FM-11 is from 
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coarse-grained marble and yielded a muscovite plateau age of 44.6 ± 0.3 Ma for heating 
steps ten through fifteen and 51% of the 39Ar released, and a total gas muscovite age of 
44.2 ± 0.2 Ma (Fig. 9).  Sample MB09FM-42 is from the same area as M09FM-11, but 
from a different outcrop of relatively fine-grained marble (possibly mylonite).  The 
sample yielded a pseudo-plateau age and isochron ages of 30.1 ± 0.4 Ma and 30.1 ± 0.7 
Ma, respectively, for heating steps eleven through fourteen (Fig. 9), and a total gas age of 
31.7 ± 0.3 Ma.  Sample MB09FM-43 is from a deformed leucogranitic dike 
approximately from the same structural level as MB07FM-42, but lies slightly above it. 
The sample yielded a total gas (fusion) age of 29.2 ± 0.8 Ma, similar in age to MB07FM-
42 from the fine-grained marble. 
Sample MB09FM-6 is from locally sheared, relatively medium grained marble from 
the upper Crystal Spring Formation. The sample yielded a total muscovite gas age of 36.3 
± 0.2 Ma and a very discordant age spectrum (Fig. 9). This sample is apparently from the 
same structural level as MB07FM-42 from Monarch Canyon that yielded the 30 Ma age 
(Fig. 4) because both samples were taken from marble outcrops immediately beneath the 
Johnnie Formation.  MB09FM-7 is a relatively fine-grained marble from the upper 
Crystal Spring Formation situated between Monarch Canyon and Hells Gate (Fig. 4). 
This sample yields a total gas muscovite age of 47.4 ± 0.3 Ma, and a 47.2 ± 0.3 
muscovite pseudo-plateau age that was calculated from the flattish sector of the age 
spectrum for heating steps nine through sixteen (Fig. 9).  The sample exhibits a common 
apparent age pattern with an age gradient for the initial eight heating steps (~15% 39Ar 
released), a flattish sector for the intermediate heating steps (steps nine through  fifteen, 
~55% 39Ar released), followed by increasing age gradient for the last four high 
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temperature gas fractions, reaching a maximum age of 55 Ma.  
 
Table 3. Summary of 40Ar/39Ar muscovite ages beneath Chloride Cliff shear zone 
Sample ID Plateau 
age (Ma)             
Pseudo-
plateau/preferred 
age (Ma) 
Total gas 
age (Ma) 
Grain size 
analyzed 
(µm)  
Rock 
type 
 
Comment 
 
MB07FM-35 N/A N/A 53.3 ± 0.3 ~355-90 zone 4 Beck Spring 
Dolomite? most 
materials retained 
on  90 µm sieve 
MB07FM-3 N/A N/A 43.4 ± 0.2 ~355-90 zone 4 Beck Spring Dolomite 
MB09FM-11 44.6 ± 0.3 N/A 44.2 ± 0.2 ~355-150 zone 4 Coarse-grained 
marble 
MB09FM-42 N/A 30.1 ± 0.4 30.1 ± 0.4 ~355-125 zone 4 Fine-grained 
marble; 30.1 ± 
0.4 is the 
preferred age 
MB07FM-43 N/A N/A 29.2 ± 0.8 N/A zone 4 Deformed 
leucogranite dike 
MB09FM-6 N/A N/A 36.3 ± 0.2 ~180 zone 4 Locally sheared 
marble 
MB09FM-7 N/A 47.2 ± 0.3 47.3 ± 0.3 ~355-180 zone 4 47.2 ± 0.3 is the 
preferred age; 
 
40Ar/39Ar muscovite ages from Indian Pass area 
Three samples (MB07FM-16, MB07FM-18, and MB07FM-19) were collected from 
the southeast portion of the core complex (Indian Pass, Fig. 2).  MB07FM-16 and 
MB07FM-18 were collected from medium-grained and coarse-grained chloritoid schists 
in the Stirling Quartzite and Johnnie Formation respectively, whereas the MB07FM-19 is 
from a marble marker bed in the Stirling.  Sample MB07FM-18 yielded a plateau age of 
152.6 ± 1.4 Ma for steps four through eight which represents 58.6% of the 39Ar released 
(Fig. 10). The sample yields a total gas age of 141.6 ± 0.8 Ma.  Sample MB07FM-19 
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yields a muscovite plateau age of 144.2 ± 0.8 Ma for heating steps nine through 
seventeen during which 51.0% of the 39Ar was released (Fig.10).  The sample yielded a 
total muscovite gas age of 144.2 ± 0.8 Ma.  Sample MB07FM-16 is from chloritoid schist 
in the Johnnie Formation exposed along a normal fault beneath the Stirling within the 
lower plate.  MB07FM-16 exhibits a geologically unreasonable old age for the first 
heating step (excess argon) followed by an age gradient beginning at 97.88 Ma for the 
second heating step, climbing to 120.97 ± 1.3 Ma for the fourth heating step. The next 
eleven consecutive heating steps gas fractions yield a plateau age of 120.2 ± 0.8 Ma that 
represents 64.4% of the 39Ar released (Fig. 10). The last ~10% of 39Ar released are 
characterized by increasing ages followed by decreasing ages.  The sample yields a total 
gas age of 140.9 ± 0.6 Ma. 
 
Table 4. Summary of 40Ar/39Ar muscovite ages from Indian Pass area 
Sample ID Plateau 
age (Ma)                 
Total gas 
age (Ma)    
Grain size 
analyzed 
(µm)  
Rock type 
 
Comment 
 
MB07FM-16 120.2 ± 0.8  140.9 ± 0.6 ~180-90 Zone 2 Chloritoid schist in Stirling Quartzite 
MB07FM-18 152.6 ± 1.4 141.6 ± 0.8 ~355-90 Zone 2 Chloritoid schist in Stirling Quartzite 
MB09FM-19 145.8 ± 1.5 144.2 ± 0.8 ~355-90 Zone 2 Coarse-grained marble 
 
Microprobe analyses 
 
Microprobe analyses were performed on most dated muscovite samples to 
discriminate whether each age spectrum resulted from degassing of one phase of 
muscovite or, alternatively, a mixture two or more phases of micas.  The results of 
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microprobe analyses from each zone are plotted on the Fe+Mg- K-Na Ternary diagrams 
and are presented below.  
Zone 1 muscovite composition 
 
Fe+Mg-K-Na Ternary diagrams of muscovite samples from zone 1 generally exhibit 
scatter, suggesting different populations of micas were represented in the 40Ar/39Ar 
analysis.  However, muscovite grains from MB07FM-20 dominantly exhibit one cluster 
of compositions (15 out of 19 grains) suggesting one phase of K-rich white mica 
(muscovite), while the remaining grains define somewhat a separate cluster with a 
moderate scatter (Fig. 5).  Muscovites MB07FM-23 and MB09FM-25 exhibit a clear 
variation in compositions suggesting mixing of at least two phases of mica, consistent 
with petrographic observations (Fig. 11).  This is particularly true for the MB07FM-25, 
which consists of one composition of muscovite with interlayered paragonite, and some 
pure paragonite that plots at the Na corner (Fig. 5).  Muscovite grains from MB07FM-23 
(14 grains) plot close to the K and Fe +Mg tie line of the Ternary diagram, but relatively 
close to the K corner, suggesting the dated micas were dominantly muscovite (Fig. 5).  
Zone 2 muscovite composition 
 
A plot of muscovite grains from three samples in zone 2 (MB07FM-28, MB07FM-30, 
and MB07FM-31) on the Fe+Mg-K-Na Ternary diagrams portrays dominantly one 
population of micas, with subtle variation in composition between grains (Fig. 6). 
However, muscovite samples from MB07FM-28 (18 grains) from the southeastern end of 
this zone clearly show two separate compositions: a cluster consisting of a significant 
fraction of muscovite grains which plot on the tie line connecting the K and Fe+Mg 
apexes of the Ternary diagram suggesting presence of both Fe-Mg and K phases of mica, 
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and a second cluster with fewer white mica analyses plotted inside the Ternary diagram 
but close to the K apex of the Ternary diagram (muscovite) (Fig. 6). 
Zone 3 muscovite compositions 
Ternary diagram plots of muscovite grains analyzed from two samples in this zone 
(MB07FM-32 and MB07FM-33) show the presence of at least two phases of white 
micas, consistent with petrographic observations.  Data from MB07FM-32 (10 grains) 
define two compositional fields, one K-rich phase (muscovite) and a smaller Na-rich 
phase plotted relatively close to the Na apex ( (Paragonite), Fig. 7). Two data points plot 
above and below the big cluster, suggesting a slight variation of K content (Fig. 7).  
Zone 4 muscovite compositions 
 
Muscovite grains from the higher-grade rocks of the Funeral Mountains have a more 
uniform composition than those from the lower-grade rocks, with  some subtle K content 
variations on a few samples (Figs. 8 and 9), consistent with one population of mica as 
observed petrographically (Fig. 11).  Overall, the typical muscovite from zone 4 plots 
close to the K apex in the Ternary diagrams (Figs. 8 and 9). Exceptions include 
MB07FM-42 and MB09FM-11 (Figs. 8 and 9). 
Unlike most of zone 4 muscovite samples, muscovite grains from MB07FM-42 and 
MB09FM-11 contain at least three compositional phases of micas (Fig. 9). The Mg+Fe-
K-Na Ternary diagram for muscovite MB07FM-42 exhibits a cluster of data, more or less 
aligning to the Ternary tie line connecting Fe+Mg and K apexes, but relatively K-rich). 
The cluster exhibits a variation of K content between the muscovite grains (Fig. 9).  The 
second phase also falls on the Fe+Mg and K side of the Ternary diagram, but relatively 
Fe+Mg-rich, suggesting presence of a mica phase with higher content of these elements 
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(phlogopite?). The third phase plot exactly on the Na apex, indicating paragonite.  
However, petrographic observations only revealed presence of two populations of micas. 
Muscovites compositions from Indian Pass area 
 
Three muscovite samples analyzed from the Indian Pass area (MB07FM-16 
MB07FM-18, and MB07FM-19) exhibit a more or less uniform composition, with a well 
defined field of data suggesting K-rich phase (muscovite) (Fig. 10), consistent with 
petrographic observation. 
Interpretation of 40Ar/39Ar muscovite ages 
Introduction 
40Ar/39Ar thermochronology of K-feldspar, hornblende, biotite, and muscovite have 
been used to date normal fault systems in different portions of the U.S. Cordillera (e.g., 
McGrew and Snee, 1994; Lee, 1995; Foster and John, 1999; Beyene, 2000; Wells et al., 
2000, 2005).  Here we focus on our large spatial data set of a single thermochronometer - 
muscovite. 
Recent hydrothermal Ar diffusion experiments on muscovite have allowed better 
determination of the diffusion parameters for muscovite and a reevaluation of the 
effective closure temperature for Ar muscovite (Harrison et al., 2009).  Study of closely 
sized muscovite aggregates yielded an age spectra and Arrhenius parameters that could 
not be explained by a single diffusion domain size of muscovite as previously thought 
(Harrison et al., 2009).  Instead, these data are consistent with the presence of multiple 
diffusion domains of variable sizes. In fact, these authors were able to produce an “S” 
shaped Arrhenius plot, similar to K-feldspar, with initial slope representing degassing 
from a relatively small volume fraction domain, followed by a steeper slope which 
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represents a larger domain size (Harrison et al., 2009).  This new advancement in the 
understanding of diffusion parameters of muscovite has allowed an upward revision of 
closure temperature of muscovite. For muscovite grain size of 100 microns and cooling 
rate of 10ºC/Ma a closure temperature of 425ºC was calculated, consistent with results 
from prior empirical studies. 
The results of 40Ar/39Ar muscovite ages along an ~30 km traverse length beneath the 
BCD are interpreted and discussed below.  
Zone 1 
We interpret the disturbed age spectra from samples in the southeast end of the core 
complex (zone 1) to represent predominantly pre-burial Proterozoic cooling ages from 
detrital muscovite (953.3 ±11.1 Ma to 1497.6 ±13.3 Ma). These age spectra resemble 
those produced from either samples that have been affected by partial diffusive argon loss 
or mixing of argon from at least two different sources (Harrison and McDougall, 1999; 
Wells et al., 2008). We prefer the interpretation of mixed argon from different sources 
because the compositions of muscovite separates determined by electron microprobe 
(Fig. 5) and petrographic observations of thin sections (Fig. 11) suggest a mixture of two 
or more compositional and textural phases of micas including a predominant one of 
detrital origin.  Plots of microprobe analyses of muscovite on Mg+Fe-K-Na ternary 
diagrams from these areas indicate at least two compositional fields (Fig. 5) consistent 
with petrographic observation and the pattern of the age spectrum (Fig. 5).  Although the 
uncertainty of converting measurements of Ca-derived 37Ar in to Ca content is relatively 
high (~10%-15%, personal communication, T. Spell), plots of K/Ca ratios generally 
agree with the pattern of the age spectra, mica compositions, and petrographic 
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observation.  The anomalous peaks in the Ca/K ratio plots for the initial heating steps for 
these samples (Appendix C) are interpreted either due to presence of Ca-bearing phase(s) 
or alteration.  MB07FM-20 and MB07-23 show compositional variation but the variation 
is mainly due to differences in potassium content. MB07FM-25 clearly exhibits a mixing 
trend of K-rich phase (muscovite) and Na-rich mica (paragonite) (Fig. 5).  Muscovite 
(MB07FM-20) shows a plateau age of 1196.6 ± 14.1 Ma for intermediate temperature 
heating steps (eight through eleven) for 51.7% of the 39Ar released, suggesting a 
Proterozoic argon signature. The plateau age is consistent with the large cluster of mica 
compositions plotted close to the Mg+Fe and K tie line on the Ternary diagram for this 
sample (Fig. 5).  
Figure 15 exhibit 40Ar/39Ar apparent age spectra of muscovite samples from zone 1.  
Based on the pattern of 40Ar/39Ar muscovite age spectrum, microprobe analyses, and thin 
section and field observation, rocks in this zone appear unmetamorphosed to mildly 
metamorphosed and are interpreted to have not been exposed to sufficiently elevated 
temperatures to reset the Proterozoic argon signatures. 
Zone 2  
The preferred 40Ar/39Ar muscovite pseudo-plateau ages of 159.2 ± 2.0 Ma 
(MB07FM-28 and 179.9 ± 2.1 Ma (MB07FM-31) from the lower grade, southeast 
portion of the study area (Zone 2, Fig. 6) may date neoblastic muscovite growth 
associated with thrust-related metamorphism.  Zone 2 samples lay at the transition 
temperature between zone 3 (discussed below) to the northwest, which represent 
complete argon loss from original detrital grains and thus record cooling ages, and zone 1 
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to the southeast, which is characterized by no or minimal argon loss, and thus recorded 
Proterozoic pre-burial detrital ages.  
The pattern of 40Ar/39Ar apparent age spectra of muscovite samples from zone 2 (Fig. 
16) are generally consistent with either mixing of detrital and neoblastic muscovite or 
partial thermal resetting of detrital muscovite (Wells et al., 2008).  Petrographic 
observation shows that muscovite samples consist dominantly of neoblastic muscovites 
with a smaller component of detrital muscovites (Fig. 11), consistent with observed 
compositional variations. MB07FM-28 exhibits two distinct mica population due to 
variation in potassium content (Fig. 6), and also appears consistent with the Ca/K plots 
(Appendix C). The pseudo- plateau age of 159.2 ± 2.1 Ma for the intermediate furnace 
temperatures (steps 6 through 15) for MB07FM-28 may be consistent with the 
predominantNa-free compositions (Fig. 6).  The small number of muscovite grains 
analyzed from MB07FM-31 (12 grains) may explain why the sample does not show the 
smaller detrital component portrayed by MB07FM-28 (18 grains).  However, plot of 
K/Ca ratios suggest the presence of at least two K-bearing phases.  The smaller Ca/K 
ratio for these samples (<0.14) suggest the presence of muscovite.  These samples are 
spatially from the lower grade, southeastern flank of the core complex and thus the 
pseudo-plateau age (159.2 ± 2.1 Ma) may be considered to reflect the age of mineral 
growth and metamorphism during thrust burial (Armstrong, 1996), not cooling after 
metamorphism because these samples may have not been exposed to elevated 
temperatures. 
The 40Ar/39Ar muscovite plateau ages (146.0 ±1.1 and 152.6 ± 1.4 Ma) from middle 
greenschist rocks situated southwest of zone 2 (Indian Pass area, Fig. 10), are younger 
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than transition zone ages (zone 2) as well as the 162.1 ± 5.8 Ma Lu-Hf garnet isochron 
age (chapter 1) from the same area and interpreted to date cooling, probably due to 
erosion of a northwest-tilted stratigraphy.  However, one sample of chloritoid schist 
(MB07FM-16) yields a significantly younger plateau age (120.2 ± 0.8 Ma).  The younger 
age for this sample appears consistent with analyzed grain sizes (~180-90 µm) whereas 
the 355- 90 µm grain sizes analyzed in samples MB07FM-18 and MB07FM-18 yield 
relatively older ages. Additionally, compositional variation of muscovite between 
analyzed samples may also be a contributing factor for the age differences. Smaller grain 
sizes are less retentive of radiogenic Ar during cooling, hence yield younger ages.  
Zone 3  
The general southeast to northwest decrease in age in this zone (119 ± 2.1 Ma through 
91.0 ± 1.3 Ma) is interpreted to reflect differential cooling ages due to differential burial 
and subsequent differential exhumation of a northwest tilted crustal section (e.g., Hoisch 
and Simpson, 1993) (Fig. 17).  Rocks were relatively shallow in the southeast and get 
progressively deeper towards the northwest, consistent with an observed increase in the 
degree of metamorphism from southeast (Indian Pass) to northwest, reaching upper 
amphibolite facies (kyanite ± sillimanite ± garnet ± biotite) in Monarch Canyon (Labotka, 
1980).  Muscovite in each sample in this zone apparently reached at different 
temperatures above the muscovite Tc and thus ages represent timing of subsequent 
cooling (e.g., Wells et al., 2008).  Most of the gas fractions from muscovite samples in 
this zone somewhat define flattish age spectra, consistent with the observed uniform 
composition of analyzed mica, and with the petrographic observations which show 
dominantly one observed population. 
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In summary, 40Ar/39Ar muscovite ages of zone 3 reflect differential cooling, with 
structural deeper levels taking more time to exhume to the point of cooling through the 
closure temperature.  The rocks to southeast were relatively shallower and progressively 
get deeper crustal levels towards the northwest, reaching their peak in the in Monarch 
Canyon area. This interpretation is consistent with mineral isograds (Labotka, 1980). 
Zone 4  
The Late Cretaceous 40Ar/39Ar muscovite plateau ages (75.0 ± 0.7 to 67.7 ± 0.4 Ma) 
from the Johnnie Formation from the footwall of the BCD in the northwest portion of the 
core complex (zone 4, Fig. 2) are interpreted as cooling ages due to rapid unroofing of 
middle-crustal rocks, either by the Eastern shear zone or by movement along the 
precursor of the modern BCD.  The general pattern of ages decreasing from the southeast 
to the northwest, suggests top-to-northwest motion during exhumation, consistent with 
mesoscopic and microscopic kinematic studies.  The 16.0 Ma age difference between the 
Stirling Quartzite (91.0 ± 1.3 Ma) and the Johnnie Formation (75.0 ± 0.7 Ma) from the 
hanging wall and footwall of the Eastern shear zone, respectively, may also indicate 
cooling due to exhumation along this structure. The plateau ages from this zone are 
consistent with one population of uniform composition muscovite (Fig. 8). The relatively 
younger 40Ar/39Ar muscovite ages (62 Ma from Monarch Canyon and 57 Ma from Hells 
Gate area) from the rocks between the BCD and the Chloride Cliff shear zone record 
either local resetting by heat from Paleocene leucogranitic dikes and sills (Mattinson et 
al., 2007) or early Tertiary exhumation of the deeper structural levels consistent with the 
observed partial overprinting of the older (Late Cretaceous) deformation fabrics with 
younger fabric, consistent with variability in muscovite ages as depicted by 40Ar/39Ar 
apparent age spectra (Fig. 18a). 
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Implications of 40Ar/39Ar muscovite ages from the footwall of Chloride Cliff shear zone  
 
Muscovite ages within the footwall of the intra-core Chloride Cliff shear zone (Figs. 2 
and 4) yield early Eocene to mid-Oligocene 40Ar/39Ar ages (53 to 29 Ma), interpreted to 
reflect extensional ductile deformation in this period, confined along this shear zone.  The 
ages generally exhibit a pattern with ages decreasing towards the northwest. The age 
variations may be attributed to differential argon loss from the muscovite lattice due to 
variability in the intensity of deformation, consistent with deformation fabrics (Fig. 12) 
(e.g., Wells et al., 2005).  The calc-mylonite marble and the leucogranite samples from 
the Monarch Canyon area exhibit strong deformation fabrics: the coarse-grained marble 
was transformed into a fine-grained marble tectonite, and quartz in the leucogranite was 
dynamically recrystallized with reduced grain size. The fact that the granitic dike and the 
calc-mylonite yield the same age as well as displaying significant intensities of ductile 
deformation suggests that the age may represent deformation, not cooling. 
Mattinson et al. (2007) reported a 62 Ma U-Pb crystallization age from a leucogranite 
dike in the Monarch Canyon area.  If the leucogranite dated by muscovite 40Ar/39Ar also 
has the same emplacement age, one may wonder if the 29.1 Ma total fusion age of the 
leucogranite is a cooling age.  However, considering the size of the dike (~5 meters 
wide), it is unrealistic that it took almost 33 Ma for the temperature to drop down through 
argon closure temperature.  Therefore, considering all facts discussed above, the 
40Ar/39Ar muscovite ages perhaps reflect partial loss of previous argon due to 
deformation (e.g., Beyene, 2000; Wells et al., 2005).  The six 40Ar/39Ar muscovite ages 
from the footwall of the Chloride Cliff shear zone are significantly younger than the ages 
from the wedge of rocks between the BCD and the Chloride Cliff shear zone.  Four of the 
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ages are Eocene (53.3 ± 0.3 Ma to 36.3 ± 0.2) and two are Oligocene (30.1 ± 0.4 and 29.2 
± 0.8) (Fig. 18b).  
Discussion 
Significance of the precursor Boundary Canyon detachment and younger intra core 
ductile shear zones for exhumation of mid-crustal Funeral Mountains rocks 
Wright and Troxel (1993) mapped intra core ductile shear zones in the footwall of the 
BCD as stratigraphic discontinuities, and later Applegate (1994) and Applegate and 
Hodges (1995) identified these as high-strain zones. These shear zones were interpreted 
as the main structures accommodating Late Cretaceous extension in the Funeral 
Mountains (Applegate and Hodges, 1995).  However, preservation of Late Cretaceous 
muscovite ages (75.0 ± 0.7 Ma to 67.7 ± 0.9) from the furthest down-dip position in the 
hanging wall of the Chloride Cliff shear zone and footwall of the BCD, while confirming 
the importance of Late Cretaceous extension in exhuming the Funeral Mountains core 
rocks, calls into question the kinematic roles of the various identified shear zones in 
exhuming the core rocks in Late Cretaceous (Applegate and Hodges, 1995) because there 
is a cooling age break across the shear zone, rather than a gradual younging of ages 
downwards (compare Figs. 18a and 18b). 
We agree with the findings of Applegate et al. (1992) and Applegate and Hodges 
(1995), who used U-Pb ages and cross-cutting relationships of two generations of 
variably deformed dikes, on the timing and importance of Late Cretaceous extension (72-
70 Ma). Similar episodic extension of Cretaceous age are documented in several 
localities within the Sevier hinterland (Hodges and Walker, 1990, 1992; Wells et al., 
1990, 2005; Carl et al., 1991; Applegate et al., 1992; Foster et al., 1992; Hodges and 
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Walker, 1992; Druschke et al., 2008; Wong, 2009). However, our findings indicate that 
Late Cretaceous exhumation also occurred due to movement along the precursor BCD 
and perhaps along the Eastern shear zone which truncates the Stirling Quartzite against 
the Johnnie Formation (Fig. 2); any earlier Late Cretaceous extension along the Chloride 
Cliff shear zone appears to be overprinted by younger motion as revealed in the 
temperature window appropriate for 40Ar/39Ar muscovite thermochronometry. 
The ages of the intra-core ductile shear zones and thus mylonite development in the 
Funeral Mountains are poorly constrained. Mattinson et al. (2007) suggested that 
mylonite development in the Monarch Canyon occurred between ~62-22 Ma by 
considering the crosscutting relationships of deformed leucogranites dated at 62 Ma and 
post-mylonitic 22 Ma mafic dikes.  Mattinson et al. (2007) documented four distinct 
mylonite zones (three marble mylonite zones and a quartzite mylonite) which lay at 
relatively different structural levels in the Monarch Canyon area. The marble mylonite 
zones appear to define the intra-core ductile shear zones (Wright and Troxel, 1993; 
Applegate and Hodges, 1995), whereas the quartz mylonite defines the Monarch Spring 
fault (Mattinson et al., 2007). 
Our early Eocene to mid-Oligocene 40Ar/39Ar muscovite ages from the footwall of the 
intra core Chloride Cliff shear zone suggest that deformation confined along this ductile 
shear zone may have occurred during this period, not during Late Cretaceous time, as 
previously thought, although Cenozoic reactivation of a Late Cretaceous shear zone is 
possible.  The 30.1 ± 0.4 Ma 40Ar/39Ar muscovite age may reflect initiation of the 
Chloride Cliff shear zone and other relatively older ages may represents partially reset 
Late cretaceous ages.  If this interpretation is correct, then Eocene deformation, not 
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previously reported in this part of the Sevier hinterland but evident in the northern Great 
Basin, may give us a new insight on the spatial distribution of Eocene–age ductile 
extensional deformation in the Sevier hinterland, and indicate that Eocene exhumation 
may have been also important to bring metamorphosed mid-crustal rocks towards the 
surface in the Sevier hinterland, at least in the Funeral Mountains. 
It remains unresolved which thrust plate(s) is responsible for burial of rocks in the 
Funeral Mountains to depths of about 27-32 km as suggested by thermobarometric 
studies (Hodges and Walker, 1992; Hoisch and Simpson, 1993). The problem of how to 
bury the rocks in the northwest part of the range to the depths required by 
thermobarometry was previously explained by a thrust carrying both a basement and the 
thick miogeoclinal sedimentary section (Applegate and Hodges, 1995).  We propose that 
top-to-the-northwest normal-sense movement along the BCD during the Late Cretaceous 
may have initiated along a pre-existing thrust, perhaps the northwest/west-dipping basal 
decollement of the thrust belt, and that normal-sense motion may have removed the 
overburden responsible for much of the deep burial of rocks in the Funeral Mountains.  
This is consistent with the general 40Ar /39Ar muscovite age pattern with decreasing ages 
towards to the NW and the top-to-the-NW sense of shear indicators (Fig. 13). The 
relatively younger 40Ar/39Ar muscovite ages (62 Ma from Monarch Canyon and 57 Ma 
from Hells Gate area of Boundary Canyon) from the immediate footwall of the BCD are 
interpreted to represent the partial resetting of Late Cretaceous cooling ages either due to 
heat from intrusions of Paleocene leucogranitic dikes and sills (Mattinson et al., 2007) or 
to localized Tertiary deformation.  Based on the fact that some of the samples from the 
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same areas also yield Late Cretaceous ages, we prefer the interpretation that the Late 
Cretaceous ages could have been variably reset by heat from intrusive bodies. 
In summary, our 40Ar/39Ar muscovite ages (75.0 ± 0.7 Ma to 67.7 ± 0.4 Ma) from the 
footwall of the BCD and hanging walls of the previously mapped intra-core shear zones 
consistently demonstrate that the BCD was the main structure responsible for Late 
Cretaceous exhumation of the Funeral Mountains core rocks. We suggest that movements 
along the BCD, and possibly along the Eastern shear zone, followed by early-middle 
Tertiary motion along Chloride Cliff shear zone and finally, Miocene motion along the 
BCD, may have exhumed the Funeral Mountains close to the surface.  The 
thermochronological data suggest that Tertiary extension along the intra core Chloride 
Cliff shear zone may have occurred after a tectonic quiescence following Late Cretaceous 
extension.  Preservation of Late Cretaceous muscovite ages from the furthest down-dip 
position in the footwall of the BCD suggest that the Late Miocene exhumation was 
modest and confirms the importance of Late Cretaceous extension in the exhumation of 
the metamorphic rocks. 
A minimum constraint can be placed on the magnitude of displacement along the 
BCD by comparison of 40Ar/39Ar ages of one sample from the hanging wall to the 
footwall age gradient documented here.  Sample MB09FM-13 collected from a carbonate 
marker bed within Stirling Quartzite from the hanging wall of the BCD.  This sample 
yields a similar age to the muscovite samples from the in zon 1. Using these samples, a 
minimum fault displacement of 19 km was calculated (Fig. 19).  Extension along intra 
core ductile shear zones may be also as important as the Late Cretaceous exhumation 
along BCD in bringing the metamorphic rocks to the surface.  
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How do these temporally distinct extensional structures develop? 
Regardless of the specific structures involved in exhuming the Funeral Mountains 
core rocks, the question now is how these top-to-the-northwest structures initiated? 
Orientations of original crustal sections, pre-existing structures, anisotropies, and their 
inherent rheological boundaries (Wells, 2001) may have influenced the geometry of 
subsequent extensional structures.  The localization of detachment faults parallel to 
previously dipping stratigraphy is evident in two localities in the western US Cordillera.  
First, in the Albion and Raft River Mountains, the top-to-the-west Cretaceous Emigrant 
Spring and Mahogany Peak faults (Wells, 1997; Wells et al., 1988) and the Eocene 
Middle Mountain shear zone (Saltzer and Hodges, 1988; Wells et al., 1997a) may have 
been influenced by a major west-dipping crustal ramp (Armstrong, 1982).  Second, the 
development of the dominantly west vergent Late Cretaceous to early Tertiary Pequop 
fault and the Tertiary Mary’s fault system appeared controlled by a west-dipping crustal 
section in the footwall of the Windermere thrust in the Pequop Mountains, Wood Hills, 
and East Humboldt Range, Nevada (Muller and Snoke, 1993; Camilleri and Chamberlain, 
1997). 
In the Funeral Mountains, the top-to-northwest shear along extensional shear zones 
(Applegate and Hodges, 1995) and the core-bounding BCD appear controlled by the 
reconstructed northwest dip of the stratigraphic section (e.g., Hoisch and Simpson, 1993). 
It is also equally plausible that the existence of a northwest-dipping basal decollement to 
thrust faults or unrecognized thrust within this northwest dipping section might have 
played a role in localization of these subsequent extensional structures. The intra-core 
shear zones and the core-bounding BCD in the Funeral Mountains generally exhibit only 
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minor stratigraphic omission across the structures, and yet large metamorphic 
discordances (especially the BCD); it has been interpreted that these structures were 
developed by down-dip extensional shearing along or at low angles to initially inclined 
lithologic boundaries (Hoisch and Simpson, 1993; Applegate and Hodges, 1995; Wells, 
2001).  The attenuation of units by the intra core shear zones towards the northwest 
portion of the complex (Monarch Canyon area) and the minor local omission of 
stratigraphic thickness and yet the significant metamorphic grade discordance across the 
BCD (Wright and Troxel, 1993; Hoisch and Simpson, 1993) is consistent with this 
interpretation (Wells, 2001).  Similar metamorphic discordance (subgreenschist over 
middle amphibolite) was documented in the Snake Range, Nevada, where the northern 
Snake Range decollement places Cambrian over Cambrian and Proterozoic rocks without 
stratigraphic omission (Miller et al., 1983; Lewis et al., 1999).  We propose that top-to-
the-northwest normal-sense movement along the BCD during the Late Cretaceous may 
have initiated along a pre-existing thrust, perhaps thenorthwest/west-dipping basal 
decollement of the thrust belt, and that normal-sense motion may have removed the 
overburden responsible for much of the deep burial of rocks in the Funeral Mountains. 
Implications of 40Ar/39Ar muscovite ages for predicting the mechanism 
of extension in the Funeral Mountains 
There are different postulates as to how extension occurs at the same time, or 
immediately following, mountain building processes. The four proposed thermal/ 
mechanical models of extension in contractional orogens include: rheological weakening 
(Artyushkov, 1973; Molnar and Lyon-Caen, 1988), delamination (Bird, 1979; Wells and 
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Hoisch, 2008), supercritical wedge taper (Platt, 1986), and slab rollback (e.g., Royden, 
1993; Jolivet et al., 2010), and are briefly discussed below. 
Synconvergent extension may be triggered by rheological weakening of the crust, 
allowing lateral gradients in gravitational potential energy to relax due to a reduction in 
strength of the crust (Artyushkov, 1973; Molnar and Lyon-Caen, 1988).  Such weakening 
is a natural consequence of thickening of the radiogenic element-rich crust, and a time lag 
between thickening and heating is predicted (England and Thompson, 1984).  
Delamination of mantle lithosphere may trigger synconvergent extension by 
removing the convectively unstable thickened mantle lithosphere beneath isostatically 
compensated orogenic belts, leading to surface uplift, gravitational instability, and 
horizontal extension (e.g., Bird, 1979; Wells and Hoisch, 2008).  There is evidence for 
several events including heating, anatexis, magmatism, uplift, and extension in a 
geologically narrow period of time (~75-68 Ma) along the axis of maximum crustal 
thickening in the Sevier hinterland (Wells and Hoisch, 2008).  These observations led 
Wells et al. (2005) and Wells and Hoisch (2008) to propose that delamination of the 
mantle lithosphere, immediately prior to low-angle subduction of the Farallon plate, may 
have been the cause of crustal extension in the Sevier hinterland during Late Cretaceous 
time; this extension occurred while Laramide shortening was taking place in the distal 
part of the orogen.  
Additionally, the mechanics of orogenic wedges may lead to synconvergent 
extension.  Platt (1986) proposed a mechanism for bringing high pressure/low 
temperature metamorphic rocks to shallow levels in the rear of an orogenic wedge 
wherein underplating at depth leads to oversteepening of the wedge, leading to extension 
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in upper levels of the wedge. Such a mechanism should yield an abrupt transition 
between shortening and extension, as extension is triggered by a change in the balance 
between the body force and tectonic force.   
Synconvergent extension has also been ascribed to slab rollback.  Slab rollback is 
typically thought to occur in an environment where the rate of subduction exceeds the 
rate of overall plate convergence (e.g., Royden, 1993; Jolivet et al., 2010).  Upper plate 
extension within or behind the volcanic arc and thin-skinned thrusting at the leading edge 
of the overriding plate are the resulting structures from slab rollback, especially when the 
overriding plate is not moving in the same direction as the rollback of the subducting 
plate (e.g., Jolivet et al., 2010).  
The difference between the maximum age of burial/metamorphism (159.2 ± 2.1 Ma) 
and age of initiation of extension (75.0 ± 0.7 Ma) in the Funeral Mountains (Fig. 14) 
suggests an 85 Ma time lag between burial and extension.  Rheological weakening aided 
probably by attenuation along reactivated pre-existing thrust fault(s) is the most likely 
cause of extension in this part of the Sevier hinterland because apparently there is a 
significant time gap between thickening and extension.  Additionally, heat from older 
Cretaceous dikes in the Funeral Mountains and regional magmatic heating from 
voluminous Sierran arc magmatism may have facilitated the weakening of the thickened 
crust during Late Cretaceous time.  
The time lag between burial and initiation of extension is most consistent with 
rheological weakening as the cause of extension; however, we speculate that mantle 
delamination and rheological weakening may have been occurred simultaneously to 
cause Late Cretaceous extension.  Delamination of lithospheric mantle underneath 
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thickened mountain belts was viewed by many workers (e.g., Bird, 1979; Houseman et 
al., 1981; Platt and England, 1989, Wells and Hoisch, 2008) as an effective mechanism to 
increase gravitational potential energy, initiating uplift and horizontal extension.  Wells 
and Hoisch (2008) have provided compelling evidence for the Late Cretaceous 
delamination for several thickened areas in Sevier-Laramide orogen, while shortening 
was still active further east in the orogen. The timing of Cretaceous extension in the 
Funeral Mountains (75-67 Ma) is consistent with the regional timing for the proposed 
delamination event (~75-68 Ma).  Slab rollback is not considered as possible mechanism 
for Late Cretaceous synconvergent extension of the Sevier orogen (Wells and Hoisch, 
2008) because during Late Mesozoic to early Cenozoic, the orthogonal component of 
plate convergent velocities between the North American and Farallon plates are thought 
to have increased (Engebretson et al., 1985) and favored slab shallowing rather than 
steepening.   
In summary, the scenario we favor for the cause of late Cretaceous extension in the 
Funeral Mountains is rheological weakening of the thickened crust aided by gravitational 
instabilities resulting from mantle delamination.  Rheological weakening may have been 
aided by regional heat input from magmatic arc due to the close proximity of the Funeral 
Mountains to the long-lived Mesozoic Sierran arc upon reconstruction of Cenozoic 
extension. 
Conclusions 
Our integrated studies, including 40Ar/39Ar geochronology, microprobe analyses, 
petrography, and field observations of metamorphic rocks in the footwall of the BCD 
reveal the tectonic history of the tilted Proterozoic to lower Paleozoic metasedimentary 
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crustal section of the Funeral Mountains.   40Ar/39Ar muscovite ages of samples collected 
along a transect beneath BCD exhibit a general pattern of younging towards the 
northwest, consistent with the differences in depth of metamorphism.  This pattern of 
ages suggests top-to-northwest motion during exhumation, consistent with mesoscopic 
and microscopic kinematic studies.  Rocks in southeast end of the core complex (zone 1) 
are interpreted to have not undergone sufficiently elevated temperatures to reset the 
Proterozoic argon signatures.  The pseudo-plateau 40Ar/39Ar muscovite age of 159.2 ±.2.1 
Ma (based on heating steps 6 through 15) from the lower grade southeast portion of the 
study area (Zone 2, Fig. 2) records the age of neoblastic muscovite growth and is 
consistent with heating due to thrust burial in the Late Jurassic.  The 40Ar/39Ar muscovite 
plateau ages (146.0 ± 1.1 and 152.6 ± 1.4 Ma) from middle greenschist rocks situated 
southwest of zone 2 (Indian Pass area, Fig. 10) are younger than zone 2 (mix of 
neoblastic with some detrital component) as well as the Lu-Hf garnet isochron age (162.1 
± 5.8 Ma) from the same area (chapter 1) and interpreted to reflect cooling ages probably 
due to erosion of the northwest tilted stratigraphic sequence. 
40Ar/39Ar muscovite ages from the footwall of the BCD and hanging wall of the intra-
core ductile shear zones suggest that the BCD was the main structure responsible for Late 
Cretaceous exhumation of the Funeral Mountains core rocks. Alternatively, the Eastern 
shear zone (ESZ) may be the principal structure responsible for Late Cretaceous 
extension. Further studies of the thermochron across the ESZ are needed to evaluate this 
possibility. This event was followed by early to middle Tertiary ductile extensional 
deformation concentrated along discrete shear zones. The Paleocene ages (62-57 Ma) of 
few muscovite samples from shallower structural levels (immediate footwall of the BCD) 
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are interpreted to represent partial resetting of Late Cretaceous cooling ages either due to 
heat from Paleocene leucogranitic dikes and sills (Mattinson et al., 2007) or from 
localized Tertiary deformation which has more pervasively affected the deeper structural 
levels.  
Integration of our study with previous petrologic studies suggest that the northwestern 
portion of the study area represents the structurally deepest levels, and temperatures were 
much higher than the argon closure temperature interval for muscovite (~ 425 C°).  Thus, 
the ages reflect cooling ages, whereas rocks in the southeasternmost portion of the core 
complex were buried to shallower depths and never attained the muscovite argon closure 
temperatures, as reflected by the preservation of Proterozoic detrital ages with partial 
argon loss. The fact that the 40Ar/39Ar muscovite ages decrease gradually from the 
southeast to the northwest in zone 3 suggests differential cooling due to differences in 
depth of metamorphism attributed to a northwest tilt of the stratigraphic sequence, 
consistent with the documented increase in metamorphism from middle greenschist facies 
in the southeast (Indian Pass area) to upper amphibolite faces to the northwest (Monarch 
Canyon area). 
Our study shows core rocks of the Funeral Mountains were tectonically buried prior 
to 159.2 ± 2.1 to 152.6 ± 1.4 Ma, and then slowly exhumed, probably by erosion between 
152 and 90 Ma, and then more rapidly exhumed initially by movement along the 
precursor of the BCD during the interval of 75.0 ± 0.7 Ma to 67.7 ± 0.4 Ma, and then 
probably after a small hiatus of tectonic activity, exhumation resumed during late early 
Tertiary with deformation likely confined along discrete ductile shear zones.  The latest 
period of motion along the modern BCD, and thus final exhumation of the Funeral 
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Mountains core rocks occurred at ~11- 6 Ma. 
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Figure captions 
Figure 1. Simplified tectonic map of the western Cordillera showing the locations of 
metamorphic core complexes (black fill) with respect to other Mesozoic to early 
Cenozoic tectonic features. Locations of core complexes largely coincide with belt of 
muscovite granites (light yellow fill (Miller and Bradfish, 1980)) and inferred axis of 
maximum crustal thickening in the Cordilleran orogen. The Sevier fold-thrust belt (light 
blue fill after Decelles, 2004; leading edge shown by bold line with teeth) converges with 
the magmatic arc (dark orange fill) towards the south in southeastern California.  ES, 
Eastern Sierran thrust system; F, Funeral Mountains. 
Figure 2.  Geological map of the Funeral Mountains showing the locations of 40Ar/39 Ar 
thermochronology samples (blue circles). Modified from Wright and Troxel (1993).  
Figure 3. Cross-section along profile line A-A’ (Figure 2) showing the locations of 
40Ar/39Ar thermochronology samples projected to the profile line perpendicular to the 
general transport direction. Modified from Wright and Troxel, 1993. 
Figure 4. Sample locations (UTM coordinates) for selected samples at and near the 
vicinity of the Monarch Canyon placed on Google earth 3D digital map. Note that the 
positions of samples 07-42, 09-11, 09-6, and 09-7, all are from the upper Crystal Spring 
Formation and 07-3 is from Beck Spring dolomite at the base of Kingston Formation.  
Figure 5.  40Ar/39Ar age spectrum (left) and the corresponding plot of K-Na-Mg+Fe2+ 
Ternary diagram for samples from zone 1 (see text for discussion).  
Figure 6.   40Ar/39Ar age spectrum (left) and the corresponding plot of K-Na-Mg+Fe2+ 
Ternary diagram (right) for samples from the transition zone 2 (see text for discussion). 
Figure 7.  40Ar/39Ar age spectrum (left) and the corresponding plot of K-Na-Mg+Fe2+ 
Ternary diagram (right) for samples from zone 3 (see text for discussion).  
Figure 8.  40Ar/39Ar age spectrum (left) and the corresponding plot of K-Na-Mg+Fe2+ 
Ternary diagram (right) for samples from zone 4 in the immediate footwall of the BCD 
(see text for discussion).  
Figure 9.  40Ar/39Ar age spectrum from samples collected along the footwall of the 
Chloride Cliff shear zone and plot of -Na-Mg+Fe2+ Ternary diagram for MB09FM-11. 
Figure 10.  40Ar/39Ar age spectrum (left) and the corresponding plot of K-Na-Mg+Fe2+ 
Ternary diagram (right) for samples from Indian Pass (see text for discussion).  
Figure 11. Representative thin section photomicrographs (cross polarized light) of 
footwall calc-mylonite (MB09FM-40) and marble (MB09FM-32, MB09FM-28, and 
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MB09FM-23) dated by 40Ar/39Ar geochronology, suggesting increasing strain from the 
southeast to the northwest.  Scale bar is 0.25mm. 
Figure 12.  40Ar/39Ar age spectrum from the footwall of the Chloride Cliff shear zone and 
the corresponding thin section photomicrograph showing increasing intensity of 
deformation to the northwest. Length of scale bar in each is 0.66 mm. 
Figure 13.  Representative photographs from structurally different locations of the core 
complex showing sense of shear indicators: (A) Calc-mylonite from the immediate 
footwall of the BCD showing sigma-type porphyroclasts suggesting top-to-the-northwest 
sense of shear. 
Figure 14.  Plots of muscovite 40Ar/39Ar age versus distance in slip direction beneath 
Boundary Canyon Detachment fault.  Prominent break in slope in (A) reflects where 
tilted crustal section reached ambient closure temperature interval for argon diffusion in 
muscovite.  (B) Detail showing age-versus-distance trends in muscovite cooling ages.  
Note break in slope between steeper age gradient inferred to represent slow exhumation 
and cooling from various structural depths across the metamorphic field gradient, and 
shallower trend with similar ages, interpreted to reflect the onset of rapid cooling.   
Fig. 15. The 40Ar/39Ar apparent age spectra of muscovite samples from the southeast 
portion of the Funeral Mountains core complex (zone 1).  
 
Fig. 16. The 40Ar/39Ar apparent age spectra of muscovite samples from zone 2 of the 
Funeral Mountains core complex.  
 
Fig. 17. The 40Ar/39Ar apparent age spectra of muscovite samples from zone 3 of the 
Funeral Mountains core complex.  
 
Fig. 18.  40Ar/39Ar apparent age spectra of muscovite samples from immediate footwall of 
the BCD (18a) and muscovite ages from the footwall of the Chloride Cliff shear zone 
(18b) in zone 4.  
 
Fig. 19.  A minimum constraint on the magnitude of displacement along the BCD by 
comparison of 40Ar/39Ar ages of one sample from the hanging wall to the footwall age 
gradient. 
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CHAPTER 4 
TECTONIC IMPLICATIONS OF (U-Th)/He ZIRCON AGES FROM THE 
FOOTWALL OF THE BOUNDARY CANYON DETACHMENT  
FAULT IN THE FUNERAL MOUNTAINS, 
DEATH VALLEY 
Abstract 
Proper knowledge of the timing of extension in orogenic belts is essential to 
understanding the causes and mechanisms of exhumation processes.  Lack of proper 
timing constraints of extension, leading to uncertainties in the relative magnitudes of 
synconvergent and post-convergent extension, is one of the outstanding problems in 
Cordilleran tectonics.  Previous workers in the Funeral Mountains proposed two 
alternative exhumation histories for mid-crustal rocks exposed at the surface: a single-
stage exhumation by the post-convergent Miocene Boundary Canyon detachment fault, 
or alternatively, a two-stage history of exhumation, initially by synconvergent Cretaceous 
intra-core ductile shear zones followed by Miocene extension along the Boundary 
Canyon detachment fault.  40Ar/39Ar thermochronology studies on muscovite from the 
footwall of the Boundary Canyon detachment fault indicate that the Boundary Canyon 
detachment was active during the Late Cretaceous (75.0 to 67.0 Ma) and that movement 
at this time may have been partially responsible for exhuming mid-crustal rocks towards 
the surface. 
 (U-Th)/He analyses on detrital zircon from quartzite samples, collected from the 
footwall of the Boundary Canyon detachment fault along a ~30 km transect parallel to the 
tectonic transport direction,  reveal a general pattern of decreasing age towards the 
northwest, and capture the pre-Miocene extension partial retention zone.  Samples from 
161 
the central and northwest portion of the study area, in which ages vary from 7.4 ± 0.6 to 
10.9 ± 0.7 Ma further southeast, suggest cooling ages record rapid movement along the 
Boundary Canyon detachment fault. The ages in the southeast portion of the study area 
vary from 16.2 ± 1.6 to 63.5 ± 5.6 Ma, and are interpreted as recording cooling of an 
originally northwest-tilted rock package, likely following the Late Cretaceous 
exhumation of the core rocks by movement along the precursor of the modern Boundary 
Canyon detachment fault. The general pattern of decreasing (U-Th)/He zircon ages 
towards the northwest is compatible with northwest motion of the hanging wall during 
unroofing as suggested by previous workers. Our careful (U-Th)/He thermochronological 
studies along the length of the BCD footwall, integrated with previous studies, indicate 
that Miocene exhumation of core rocks by the BCD initiated ~11 Ma and likely ended 
around ~ 6 Ma. The BCD lacks lithified deposits that overlie the fault trace.  However, 
the apatite fission track age (~ 6 Ma) from the footwall of the BCD indicates cooling 
through ~100°C, and thus some slip may have postdated 6 Ma. Using cooling ages of 
ZrHe analysis below the interpreted base of the partial retention zone, a slip rate of 8.5 ± 
2.0 km/Ma was estimated excluding three analyses that significantly deviate from the 
regression line for the time period between 10.9 ± 0.9 Ma and 7.4 ± 0.6. 
The latest period of motion along the BCD between 11 and 6 Ma, is consistent with 
ages of motion of other detachment faults in the surrounding mountain ranges, including 
the Tucki Mountain detachment, Harrisburg detachment and eastern Panamint fault of the 
Panamint Range; the Black Mountains fault; the Fluorspar Canyon and Bullfrog 
detachments of the Bare Mountain-Fluorspar Hills-Bullfrog Hills area; and the Silver 
Peak-Lone Mountain detachment of Mineral Ridge.  In addition, all of the regional core 
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complexes also generally exhibit northwest-west movement directions of their hanging-
walls that are parallel to the mineral lineations and fold axes in their footwalls. The 
Funeral Mountains are situated west of the northwestern termination of the Stateline fault 
and are bounded on the south and southwest by the Northern Death Valley fault zone. 
This spatial arrangement may put the Funeral Mountains within a transpressional position 
in a dextral left step over between these transtensional faults.  However, unless the age of 
initiation of the strike-slip faults is older than currently recognized, it is unlikely that the 
BCD and the NDVFZ and Stateline fault are kinematically linked. 
Introduction 
Cenozoic extensional tectonics affected a vast area of North America, extending from 
Mexico, through the western United States, to Canada. Based on spatial distributions, 
elevation, heat flow, thickness of crust, and intensity of deformation, five extensional 
sub-regions were identified in the western U.S. (e.g. Wernicke, 1992). The study area lies 
within one of these regions, the central Basin and Range (Fig. 1).  The central Basin and 
Range is one of the most extended regions in the world.  Using correlated Mesozoic 
thrust belts as markers, the central Basin and Range was determined to have extended 
approximately 250 km between the Sierra Nevada and Colorado Plateau, during Neogene 
time (Wernicke and Snow, 1988). It is estimated that about 150 km of extension, out of a 
total of ~250-300 km, occurred between the Sierra Nevada and the Spring Mountains, 
while the remaining has occurred between the Spring Mountains and the Colorado 
Plateau. Cenozoic extension has also resulted in bringing mid-crustal metamorphic core 
rocks to the surface along predominantly low-angle normal faults (Hodges et al., 1987; 
Hodges et al., 1990, Miller and Pavlis, 2005). The Death Valley region has been affected 
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by large-scale crustal extension via listric faults, high-angle normal faults, low-angle 
normal faults (detachments), and northwest-trending strike-slip faults at least since the 
early Miocene (e.g., Hamilton, 1988; Hodges and Walker, 1990; Holm and Dokka, 1991; 
Applegate et al., 1992; Hoisch and Simpson, 1993; Mancktelow and Pavlis, 1994).   
  In some areas, it appears that extension occurred at the terminations of strike-slip 
faults, suggesting kinematically coupled fault systems (Fig. 4).  The interaction between 
normal faults and strike faults is believed to have resulted in the formation of “pull-apart 
(rhombohedral)” basins of Death Valley and Panamint Valley (Burchfiel and Stewart, 
1966; Hodges and Walker, 1990; Hodges et al, 1990). Recent study in the Death Valley 
region suggested a two-step extension for the evolution of the present day basins in the 
Death Valley region (Norton, 2011). Thus, it is still poorly understood whether the strike-
slip faults and the detachment faults have the same age and are kinematically linked or 
occurred at different times.  
It is well known that metamorphosed mid-crustal rocks are often exposed in the 
footwalls of low-angle normal faults (detachment faults) in the metamorphic belt in the 
hinterland of the Sevier orogenic belt of the western North American Cordillera, as well 
as in other orogenic belts of the world. The Funeral Mountains of Death Valley National 
Park are one such core complex (Fig. 1) with the metamorphosed core rocks lying in the 
footwall of the shallowly dipping Boundary Canyon detachment fault (hereafter, referred 
to as the BCD). This low-angle normal fault separates the metamorphosed core rocks in 
its footwall from subgreenschist facies Neoproterozoic sedimentary rocks and 
unmetamorphosed Tertiary sedimentary and volcanic rocks in the hanging wall (Figs. 2 
and 3). 
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It is most commonly thought that exhumation of metamorphic core complexes of the 
Sevier hinterland occurred in the Tertiary (Wernicke, 1992), however, careful study has 
shown that many core complexes also experienced significant exhumation in the 
Mesozoic (e.g., Hodges and Walker, 1992; Wells and Hoisch, 2008; Chapter 2).  In the 
Funeral Mountains, previous workers disagree on whether the core rocks were exhumed 
by single-stage movement along the BCD during Miocene time, or alternatively by a two-
stage exhumation, initially by synconvergent Cretaceous intra-core ductile shear zones 
followed by post-convergent Miocene extension along the BCD.  Furthermore, should the 
two-stage model be correct, there is disagreement as to whether Mesozoic or Cenozoic 
extension was the dominant cause for exhumation of the Funeral Mountains core 
complex.  Hamilton (1988) and Hoisch and Simpson (1993) considered the exhumation 
to be entirely Cenozoic, with Tertiary slip along the BCD between 11 and 6 Ma.  
Applegate et al. (1992), Applegate (1994) and Applegate and Hodges (1995) viewed 
Mesozoic extension as the dominant cause of exhumation.  
The existing timing constraints on the BCD are solely based upon fission track 
analyses of zircon, sphene, and apatite from a single sample within the higher grade 
portion of the core complex in Monarch Canyon (Holm and Dokka, 1991) and another 
apatite fission track age from Chloride Cliff (Hoisch and Simpson, 1993). Holm and 
Dokka (1991) documented rapid cooling from 10.6 ±1.6 to 6.6 ± 3.3 Ma, suggesting 
rapid exhumation of the Funeral Mountains core complex during the Miocene.  Hoisch 
and Simpson (1993) also determined an apatite fission track age of 5.6 ±1.4 Ma from the 
Chloride Cliff area, confirming the latest age of motion on BCD. 
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No systematic thermochronological study has been attempted along the entire 
footwall length of the BCD to properly determine the timing of initiation and cessation of 
movement along the BCD and thus final exhumation of the mid-crustal rocks to the 
surface.  Low-temperature thermochronometry of a suite of samples along the entire 
length of the footwall of the BCD is critical to determine the slip rate, timing, and 
duration of motion along the BCD.  This would also allow comparison of the ages of the 
BCD with ages of motion on other detachment faults in the surrounding mountain ranges, 
and also with ages of the right-lateral Northern Death Valley and the Stateline faults, and 
the larger scale Eastern California shear zone system. Understanding the age and 
kinematic relationships (if any) between the core-bounding BCD and the Eastern 
California shear zone/Walker Lane transtensional zone is important to fully understand 
the extensional and transtensional tectonic histories of the area.   
The objectives of this research are to: (1) establish the timing of Cenozoic movement 
along the Boundary Canyon detachment fault by using (U-Th)/He thermochronology on a 
suite of samples collected from the footwall of BCD, (2) determine a slip rate and slip 
magnitude, if possible,  (3) establish whether the age of motion on the BCD is similar to 
those from other extensional regions in Death Valley including the Tucki Mountain 
detachment, Harrisburg detachment and eastern Panamint fault of the Panamint Range; 
the Black Mountains fault; the Fluorspar Canyon and Bullfrog detachments of the Bare 
Mountain-Fluorspar Hills-Bullfrog Hills area; and the Silver Peak-Lone Mountain 
detachment of Mineral Ridge, and (4) determine if the age of the BCD is similar with the 
Northern Death Valley fault and the Stateline fault and thus permissibly kinematically 
linked (Fig. 4).  
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Our (U-Th)/He zircon thermochronometry study across the footwall of the BCD 
improves our understanding of the timing of initiation of movement along the BCD, and 
the relative motion of the hanging wall with respect to the footwall.  Based on our 
studies, when integrated with previous work (e.g., Holm and Dokka, 1991), exhumation 
of core rocks in the Funeral Mountains was completed by top-to-northwest motion along 
the BCD during the interval of 11 to 6 Ma.  Preservation of Late Cretaceous muscovite 
ages from the furthest down-dip position in the footwall of the BCD, however, suggests 
that Late Miocene exhumation may have been modest, supporting the two-stage 
exhumation model. 
Background 
Miocene extension in Death Valley region 
The Funeral Mountains lie in the Death Valley extensional terrain, which is bounded 
by the Spring Mountains to the east and the Sierra Nevada to the west. The area lies in 
the strongly extended region of the central Basin and Range, which extended as much as 
250 km (Wernicke et al., 1988). The Funeral Mountains are located along the 
northeastern margin of Death Valley and consist of a metamorphic core complex 
bounded by the Tertiary BCD on the northwest and north, and the Keane Wonder fault on 
the west and southwest (Fig. 2) (Wright and Troxel, 1993). There is a general consensus 
that Cenozoic extension in the western US Cordillera was initially accommodated along 
low-angle normal faults, and followed by basin-bounding, high-angle normal faults and 
transtensional faults (e.g., Serpa, 1990, Stewart and Diamond, 1990; Wernicke et al., 
1992). Neogene deformation in the western United States is thought to reflect distributed 
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right-lateral transform motion that links plate boundary triple junctions near Cape 
Mendocino and Baja California (e.g., Atwater, 1970; Bennett et al., 2003, Frankel, 2007).  
The Death Valley region has been affected by large-scale crustal extension via listric 
normal faults, high-angle normal faults, low-angle normal faults (detachments), and 
northwest-trending strike-slip faults at least since the early Miocene (e.g., Hamilton, 
1988; Hodges and Walker, 1990; Holm and Dokka, 1991; Applegate et al., 1992; Hoisch 
and Simpson, 1993; Mancktelow and Pavlis, 1994).  It is still not fully understood 
whether extensional basins in the Death Valley region were formed by older Miocene 
detachment faults (e.g., Stewart, 1983; Wernicke et al., 1988; Snow and Wernicke, 2000; 
McQuarrie and Wernicke, 2005) or younger strike-slip faults and associated high-angle 
normal faults (Serpa and Pavlis, 1996 and Guest et al., 2003), or alternatively by a 
combination of both (Wright et al. (1991, 1999).  Regional tectonic models based upon 
palinspastic reconstruction across central Basin and Range province suggest much of the 
extension was accommodated by major, low-angle normal faults associated with regional 
detachment faults (e.g., Stewart, 1983; Wernicke et al., 1988; Snow and Wernicke, 2000; 
McQuarrie and Wernicke, 2005).  
Recent study suggested a two stage evolution of the present day basins in the Death 
Valley region (Norton, 2011), and appear support the second model discussed above. 
Initially, extension occurred during the period of 18 to 5 Ma due to motion along low-
angle normal faults (detachments) which exhumed mid-lower crustal level rocks to the 
surface. Tectonic quiescence was suggested during the period of 5 to 3 Ma, as manifested 
by deposition of volcanics, clastics, and some lacustrine carbonates, locally covering 
detachment surfaces (Norton, 2011).  Second, initiation of the Eastern California shear 
168 
zone (ECSZ) and formation of the present day basins of Death Valley (Norton, 2011).  
During this period, the older detachment faults were thought to be dismembered and cut 
by the transtensional fault system (Norton, 2011).  
The main objectives of this study are to better constrain the timing and slip rate of the 
BCD, which will allow evaluation of whether movement along the BCD is coeval with 
other detachment faults in the surrounding mountain ranges or with younger strike-slip 
faults and associated high-angle normal faults.  The dominant Cenozoic tectonic features 
in the Death Valley area are discussed below. 
Transform fault system: The San Andreas and the Eastern California shear zone/Walker 
Lane fault system and its northern continuation 
The Pacific-North America plate motion is distributed in a broad zone across the 
continental western United States; however, there is consensus that most of the relative 
plate motion is partitioned between the San Andreas and the Eastern California shear 
zone/Walker lane fault systems (e.g., Bennett et al, 2003; Wesnousky, 2005; Frankel et 
al., 2007). The Eastern California shear zone/Walker Lane fault system (here after 
referred to as ECSZ-WL) is an active, north-northwest tending, continental right-lateral 
fault system, which has about 800 km strike length. The fault system extends from the 
Transverse Range in southern California, through the Mojave Desert, and up along the 
western edge of the Basin and Range to the northwest. The ECSZ-WL fault system 
occupies the area immediately west of the central and northern Basin and Range.  
Although these fault systems are considered part of the Basin and Range, they have 
different structural patterns and orientations. Structures in the ECSZ-WL system are 
predominantly right-lateral strike slip faults and subordinate left lateral strike-slip faults 
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and normal faults that strike both to the northwest and northeast, while structures in the 
Basin and Range are predominantly normal faults, mainly striking to the north. 
A portion of the southwestern North America plate boundary motion, characterized 
by dextral shear, is thought to have jumped inboard of the continent at about 10-12 Ma 
(McQuarrie and Wernicke, 2005), whereas, the presently active strand of the San 
Andreas Fault north of the San Francisco Peninsula formed at about 5-6 Ma when the 
triple junction jumped eastward >100 km to its present location at the north end of the 
San Andreas Fault (Griscom et al., 1989). The timing of this later jump coincides with the 
20° clockwise rotation of the relative motion vector between the North America and 
Pacific plates, resulting in a more localized strain field that forms the transpressional San 
Andreas fault along the earlier transcurrent San Andreas fault system (Griscom et al., 
1989; Atwater and Stock, 1998).  The ECSZ-WL system developed as a “diffuse and 
slow transform system” (less extensional component) on the pre-existing 
extensional/transtensional system by the change in the plate motion vector at 5-6 Ma 
(Atwater and Stock, 1998; Oskin and Stock, 2003).  During this time, active deformation 
in the Basin and Range was related to the ECSZ-WL (e.g., Lee et al., 2001; Snow and 
Wernicke, 2000; Wernicke et al., 2004; Faulds et al., 2005; Wesnousky, 2005).  
In the larger Death Valley region, displacement along the ECSZ-WL system is 
partitioned into five major sub-parallel strike-slip faults: the Owens Valley fault zone 
(OVFZ), the Panamint Valley–Saline Valley–Hunter Mountain fault zone (HMFZ), the 
Southern Death Valley fault zone (SDVFZ)-northern Death Valley (NDVFZ)-Fish Lake 
fault (FLFZ), the Ash Hill fault (ASH), and the Stateline fault zone (Fig. 4) (Frankel et 
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al., 2007; Wesnousky, 2005, Lee et al., 2006).  A total geological slip rate of 8.5 to 10 
mm/yr has been calculated across the northern portion of the ECSZ (Frankel et al., 2007). 
At the latitude of 37°N, both the short-term geodetic data and long-term geologic 
estimates of slip rates across ECSZ-WL (including Hunter Mountain, northern Death 
Valley, and Stateline fault zones) are similar (9.3 ± 0.2 mm/yr) (Bennett et al., 2003). In 
addition to the prominent, northwest-oriented dextral strike slip faults, subsidiary 
northeast-oriented left-lateral strike slip faults normal faults transfer slip between these 
northwest oriented major strike faults (e.g., Reheis and Dixon, 1996). 
The Death Valley fault system consists of the southern Death Valley fault system to 
the south and the Northern Death Valley fault and the Fish Lake Valley fault to the 
northwest (Fig. 4). This fault system is considered as the longest (~310 km strike length) 
and most continuous right-lateral strike-slip fault in ECSZ-WL system (e.g. Reheis and 
Sawyer, 1997; Machette et al., 2001; Frankel et al, 2007) and accommodates the majority 
of slip in the ECSZ-WL system north of the Garlock fault (Frankel et al., 2007).  The 
Northern Death Valley Fault Zone to the northwest joins with the Fish Lake Valley 
strike-slip fault (FVLF) in Nevada (Applegate, 1994), where it has its maximum 
estimated right-lateral offset (45-80 km, Stewart, 1983).  
The NDVFZ and its northwestern equivalent, the FVLF, offset Quaternary deposits in 
the northwest; the southeastern trace of this fault, the Furnace Creek fault in Armargosa 
Valley, does not (Machette et al., 2001).  An average post-mid Miocene slip rate of 5.9 ± 
0.4 mm/yr was suggested (Neimi et al., 2001) using 68 ± 4 km net offset of pre 11.6 ± 0.3 
Ma markers in the Funeral Mountains and Cottonwood Mountains (Snow and Wernicke, 
1989). Geodetic estimates of slip rates for the NDVFZ vary from 3 to 8 mm/yr (e.g., 
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Humphreys and Weldon, 1994; Bennett et al., 1997; Dixon et al., 2000).  More robust 
geologic slip rates were determined by integrating10Be and 36Cl cosmogenic 
geochronometers and high-resolution airborne laser swatch mapping (ALSM or LIDAR) 
of offset alluvial fans along the trace of the NDVFZ.  Slip rates of 4.2 +1.9/-1.1 and 
4.7+0.9/-0.6 mm/yr were calculated using 70 +22/-20 ka 10Be and 63 ± 8 ka 36Cl age of  
the alluvial fan, respectively (Frankel et al., 2007).  
The Stateline fault is a right-lateral fault that runs for a ~200 km strike length from 
Primm Valley, through Pahrump, to Armargosa Valley (Guest et al., 2007) and represents 
the easternmost strand of the ECSZ-WL (Dixon et al., 2003; Wesnousky, 2005; Guest et 
al., 2007). Recent interpretation using a ~220 km seismic reflection line and gravity data 
along with surficial and bedrock mapping shows that the Stateline fault is a complex 
dextral strike-slip fault system (Scheirer et al., 2010), not a single fault trace as 
previously thought (Guest et al., 2007). Scheirer and others (2010) also documented that 
in some areas, pre-extensional Tertiary sedimentary rocks are cut by relatively high-angle 
normal faults that record a phase of extensional basin formation that postdates the 
transtension.  A volcanic rock and rock avalanche deposit along the fault trace in the 
Mesquite segment exhibits an offset of 30 ± 4 km since 13.1 ± 0.2 Ma. Using these data, 
a slip rate of 2.3 ± 0.35 mm/yr was calculated for post-mid Miocene time (Guest et al., 
2008). This slip rate is thought to be similar to the ancient slip rates estimated for other 
major fault systems in this region of the ECSZ-WL (the Death Valley, Panamint Valley-
Hunter Mountain, and Owens Valley fault systems). However, this slip rate estimate is 
apparently half of that determined for the NDVZ system using cosmogenic 10Be and 36Cl 
geochronology for the time interval of 70 +22/-20 ka to 63 ± 8 ka.  
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Metamorphic core complexes in Death Valley region 
Prior to the opening of the Gulf of California and the development of a more 
localized transpressional San Andreas system, about ~50% (20 mm/yr) of the Pacific-
North America motion was accommodated in the Basin and Range (e.g., Dickinson and 
Wernicke, 1997; Wernicke and Snow, 1998; McQuarrie and Wernicke, 2005). This time 
period (16-6 Ma) overlaps with the age of low-angle normal faults (detachment faults) 
exposed in mountain ranges of the Death Valley region. In many core complexes of the 
region, detachment faults played the major role in exhuming metamorphosed supracrustal 
rocks to the surface, and served as master basal faults into which high-angle and listric 
normal faults sole into or are truncated. Exhumed metamorphic rocks beneath detachment 
faults are found in many mountain ranges of the Death Valley region, including the 
Panamint Mountains, Tucki Mountain, the Black Mountains, the Funeral Mountains, and 
Bare Mountain (Fig. 5).  A common perception is that these core rocks were brought to 
the surface predominantly by motion along detachment faults during Miocene time, 
although this may not be the case for all metamorphic core complexes.  Brief descriptions 
of core rocks in these mountain ranges are given below.  
Core rocks of the Panamint Mountains consist of greenschist-amphibolite facies 
metamorphic rocks. These rocks are believed to have been exhumed by movement along 
diachronous, west-dipping normal faults (e.g., Harrisburg detachment and Eastern 
Panamint normal fault). Core rocks were predominantly brought to the surface by 
displacement along the low-angle Harrisburg detachment, which placed weakly 
metamorphosed to unmetamorphosed upper Precambrian-Paleozoic strata on upper 
Precambrian metasedimentary rocks (greenschist facies) prior to 10.6 ± 0.9 Ma (Hodges 
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et al., 1990).  The Eastern Panamint fault was initiated at much steeper angles (40-60°) 
and juxtaposed amphibolite facies Precambrian crystalline basement below Upper 
Precambrian-Paleozoic sedimentary rock.  Timing constraints on the Eastern Panamint 
fault is controversial.  According to Hodges et al. (1990), Miocene motion along the 
Eastern Panamint fault, and thus exhumation of amphibolite facies rocks, was constrained 
between 10.8 ± 0.6 Ma and 7.6 ± 0.4 Ma (Hodges et al., 1990). However, recent studies 
in the Central Panamint Valley shows that Miocene extension in the area began earlier 
than previously thought, at ~15 Ma, and continued until <13.5 Ma ago (Andrew and 
Walker, 2009). Andrew and Walker (2009) interpreted the extension in the area to have 
occurred on a single basal detachment fault that was later dismembered into the 
Emigrant, Panamint, and Slate Range detachments by a second phase of extension during 
Pliocene-Holocene.  During this time, the earlier detachment faults were partially 
reactivated, and a system of strike-slip and oblique normal faults that modified the earlier 
detachment faults were developed.  In contrast to the Miocene (prior 10.6 ± 0.9 Ma) age 
for the Harrisburg detachment (Hodges et al., 1990) in the Panamint Range, Andrew and 
Walker (2009) suggested a Mesozoic age for the Harrisburg detachment portion of the 
Tucki Mountain detachment system that could be related to Late Cretaceous extensional 
deformation of the Funeral Mountains (Applegate et al., 1992; Applegate and Hodges, 
1995). 
Tucki Mountain is a physiographic dome in the northern Panamint Range that 
consists of middle to upper greenschist facies rocks – including middle Proterozoic 
crystalline basement to late Precambrian miogeoclinal assemblages and the latest 
Cretaceous to earliest Paleocene Skidoo granitic pluton, both within the footwall of the 
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Tucki Mountain Detachment system (Hodges et al., 1987). The detachment system 
consists of several stacked temporally distinct faults, which moved the hanging-wall 
rocks (including lower greenschist facies to unmetamorphosed units ranging from 
Precambrian miogeoclinal rocks to Tertiary syn-extensional alluvial fan deposits) to the 
NNW with respect to the footwall (Hodges et al., 1987).  The age of initiation of 
extension in the Tucki Mountain extensional system is poorly constrained.  Although 
there was speculation that a portion of Tucki Mountain extensional system may have 
initiated during Late Cretaceous, regional correlations suggest that the extension at Tucki 
Mountain was not older than early Miocene. 
Southern Death Valley separates the Panamint Range on the west from the Black 
Mountains on the east.  However, reconstructions of Cenozoic extension suggest that the 
Panamint Range originated on top of and east of the Black Mountains, adjacent to the 
Resting Spring Range (Holm and Wernicke, 1990).  Based on this reconstruction and 
considerations of the geology of the surrounding mountain ranges, Holm and Wernicke 
(1990) suggest that the Black Mountains block may represent a 10 to 30 km thick pre-
extensional crustal section that contains Precambrian metamorphic rocks exhumed by a 
major detachment fault. Furthermore, these authors noticed that the structural style, tilt of 
crustal section, and metamorphism of the Black Mountains are similar to those in the 
Panamint Range and Funeral Mountains.  These mountain ranges contain southeast-tilted 
fault blocks of the miogeoclinal section in which the southeastern parts are 
unconformably overlain by steeply tilted Tertiary strata and the northwestern parts are 
metamorphosed and ductilely deformed (e.g. Labotka and Albee, 1988; Hamilton, 1988; 
Hoisch and Simpson, 1993).  Mid-crustal Precambrian metamorphic core rocks are 
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exposed at three different localities as NW plunging topographic and structural antiforms 
along the western range front of the Black Mountains; these features have been termed 
“turtlebacks” because of their morphological similarity with turtle shells (Curry, 1938, 
1954; Holm et al., 1994; Miller and Pavlis, 2005). The turtlebacks, from north to south 
are: the Badwater turtleback, the Copper Canyon turtleback, and the Mormon Point 
turtleback.  Holm et al. (1994) interpreted the turtlebacks as a single folded detachment 
fault surface formed during large-scale extension.  Extension parallel mesoscopic folds 
are documented in the footwall rocks of both the Copper Canyon and Mormon Point 
turtlebacks as well as deforming the detachment fault itself (Mancktelow and Pavlis, 
1994).  Extension parallel folds are also observed in other core complexes and envisioned 
to have formed by north-south shortening associated with extension (e.g., Wernicke et al., 
1988; Glazner and Bartley, 1991; Holm et al., 1994; Mancktelow and Pavlis, 1994).  
Although there is consensus among workers that the Black Mountains core rocks 
were exhumed in the Miocene, there remains disagreement as to the timing of initiation 
of exhumation.  According to Holm et al. (1994), exhumation of the Black Mountains 
occurred during the mid-to late Miocene (10-6 Ma) as the Black Mountains footwall 
pulled out from underneath the relatively rigid hanging wall of the Panamint Range.  On 
the other hand, Miller and Pavlis (2005) considered each turtleback as part of a mid-
crustal shear zone that was active during ~ 16-12 Ma that may have initiated along a pre-
existing thrust fault.  According to this interpretation, much of the earlier thrust-related 
deformation was obliterated by injection of a diorite sill along the shear zone in the 
Mormon Point and Copper Canyon turtlebacks, whereas this intrusion did not invade the 
Badwater turtleback (Miller, 1992; 1999).  Biotite 40Ar/39Ar ages vary from 13 Ma at 
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Badwater to 6 Ma at Copper Canyon, with an 8 Ma age at Mormon Point. The 8 and 6 
Ma ages from Mormon Point and Copper Canyon were interpreted as cooling ages 
following the intrusion of diorite, whereas the 13 Ma age at Badwater was interpreted to 
reflect the minimum age for the initiation of ductile extension at Badwater and is 
consistent with the lack of the younger diorite intrusion (Miller and Pavlis, 2005).  Miller 
and Pavlis (2005) suggested that the initiation of extension in the Black Mountains was 
prior to ~ 13 Ma, and deformation is thought to have continued until ~6-8 Ma.  Kinematic 
indicators from footwall mylonite related to Tertiary extension indicate top-to-the-
northwest sense of shear (Miller and Pavlis, 2005).  
Bare Mountain and the Bullfrog Hills are situated west of Yucca Mountain and 
contain the Fluorspar Canyon detachment fault along the northern margin of Bare 
Mountain, and the Bullfrog detachment fault in the southern Bullfrog Hills. At Bare 
Mountain, variably metamorphosed Paleozoic sedimentary rocks are exposed in the 
footwall of the north-dipping Fluorspar Canyon detachment fault (Fig. 6). Metamorphism 
in the Bare Mountain core rocks increases from middle greenschist facies in the southeast 
to lower amphibolites facies in the northwest portion of the core complex (Hoisch et al., 
1997).  Thermochronologic studies indicated rapid cooling and ~ 9 kilometers of 
unroofing of the northwestern part of Bare Mountain during the period of 12.6 to 11.1 
Ma, attributed to motion on the Fluorspar Canyon detachment fault.  Additionally, ~ 9 
km of unroofing is attributed to erosion after 12 Ma, making the total exhumation of core 
rocks in the Bare Mountains about ~ 18 km (Hoisch et al., 1997).  
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The Boundary Canyon detachment fault and younger (?) normal faults 
The BCD was considered by earlier workers as one of the regionally important 
structures, active during Miocene to recent extension (Hamilton, 1988; Maldonado, 1990; 
Hoisch et al. 1997). Based on similarities in the timing of events, structures, and spatial 
trend of increasing metamorphism (lower greenschist facies in the south to upper 
amphibolite facies to the northwest), previous workers (Hamilton, 1988; Carr and 
Monsen, 1988; Hoisch et al., 1997) have correlated the BCD with the Bullfrog 
detachment in the Bullfrog Hills and the Fluorspar Canyon detachment fault system at 
Bare Mountain (Fig. 6). The lower plate is thought to be continuous from Bare Mountain 
across the Armargosa Valley to the Funeral Mountains (Fig. 6) (Hoisch, 2000). 
The hanging-wall transport direction and morphology of the detachment surface in 
the Funeral Mountains core complex are similar to the hanging-wall movement directions 
inferred for other core complexes in the Death Valley region (Black Mountains, Panamint 
Range, Bare Mountains, and Tucki Mountains).  Reynolds et al. (1986), Hoisch and 
Simpson (1993), and Applegate and Hodges (1995) have inferred top-to-the-northwest 
movement for the upper plate of the BCD.  The lower plate rocks in the Funeral 
Mountains are cut by northeast-striking high-angle normal faults (Fig. 2) (Wright and 
Troxel, 1993) and none of these faults are observed to crosscut the low-angle detachment 
fault. This may suggest that the low-angle detachment fault and the high-angle normal 
faults formed synchronously, or alternatively that the latest slip on the detachment fault 
cuts older high-angle normal faults.  
It has remained controversial whether the BCD and the Keane Wonder fault are the 
trace of a single folded fault (Hamilton, 1988; Hoisch and Simpson, 1993; Hoisch, 2000), 
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or two separate faults developed at different times (e.g., Applegate et al., 1992, Troxel 
and Wright, 1993; Applegate, 1994; Applegate and Hodges, 1995).  Fission track 
thermochronology on sphene and apatite from the Monarch Canyon area indicate rapid 
cooling of the core rocks through the closure temperatures for those minerals, 
approximately 285°C and 110°C, respectively, between 11 and 6-5.6 Ma (Holm and 
Dokka, 1991; Hoisch and Simpson, 1993), suggesting that movement along the BCD was 
responsible for Late Miocene unroofing and cooling of the metamorphic core rocks.  
According to Cemen (1985), the Keane Wonder fault places the Quaternary alluvium on 
older Proterozoic rocks. Applegate (1994) confirmed Cemen’s observation and suggested 
that the age of Keane Wonder fault and some small-displacement brittle low-angle faults 
within the core complex may be significantly younger than the BCD, ~ 3-2 Ma.  
Estimates for the magnitude of slip for the BCD range from 4 to 40 km and include: 
(1) 4 km based on stratigraphic offset of the upper Stirling Quartzite on the top of Johnnie 
Formation, from the northwestern Funeral Mountains (Wright and Troxel, 1993), (2) 40 
km based on appearance of lower Cambrian units in the southern Funeral Mountains and 
in the Grapevine Mountains (Hoisch and Simpson, 1993), and (3) 33 km based on the 
presence of a klippe of the hanging-wall rocks, 33 km south of its northwesternmost 
exposure (Applegate and Hodges, 1995).  While the displacements estimated by these 
workers are variable, all agree on the northwest and west movement of the hanging-wall 
block.  Based on the preservation of detrital muscovite ages from marble marker beds in 
Stirling Quartzite from the hanging wall to the northwest, and a well characterized 
gradient in ages from the footwall reflecting progressive outgassing of detrital ages 
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following by differential cooling ages, a minimum of 20 km offset along the BCD was 
estimated (Chapter 2). 
Methods 
(U-Th)/He thermochronology is based upon the production of alpha particles (4He) 
produced by the U and Th system decay series (Reiners, 2005). Measurement of parent 
isotopes (U and Th) and daughter (He) isotopes define the time since closure assuming no 
extraneous sources of He.  Zircon (ZrSiO4) is one of the best minerals used for (U-Th)/He 
thermochronology due to the following characteristics: (1) high U-Th concentrations, (2) 
high abundance in different lithologies, (2) low excess background He, (3) refractory 
nature under metamorphic and some magmatic conditions, and (4) resistance to physical 
and chemical weathering. 
Seventeen samples (16 quartzites and one granitic dike) were collected from the 
footwall of the BCD along ~30-kilometer transect approximately parallel to the slip 
direction.  Zircon samples were separated by crushing, sieving, density separation on the 
Wilfley table, heavy liquid separation, and Frantz isodynamic separation. Inclusion and 
defect-free zircon crystals were subsequently hand-picked using the stereomicroscope.  
Zircons having euhedral to subhedral morphologies were selected and further 
discriminated at the University of Kansas based upon the following criteria: (1) minimum 
dimensions of 75-95 µm perpendicular to a and b axes, (2) 200 µm along the c axis, and 
(3) no visible fractures and minimal inclusions. An attempt was made to separate apatite 
from the quartzite samples, but apatite was either absent or occurred only in trace 
amounts insufficient for the analysis.  
The (U-Th)/He analyses were performed at the University of Kansas using 
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laboratory procedures described in Biswas et al. (2007). Three replicates of single 
crystals from each dated sample were selected to check reproducibility of single grain 
ages. Selected zircons were wrapped in platinum foil, heated for 10 minutes at ~1300°C 
and, then reheated until >99% of the He was released.  After the completion of laser 
heating, zircons grains were unwrapped from platinum foil and dissolved using HF-
HNO3 pressure vessel digestion procedures to determine the U and Th concentrations. 
The U and Th content of degassed zircon samples were measured on a Perkin Elmer 
Sciex 5000a ICP-MS using the Isotope Ratio method. The resulting ages were calculated 
following morphological analyses criteria and standard α-ejection corrections described 
in Farley et al. (1996) and Reiners (2005). 
Results and Interpretations 
 
Seventeen zircon samples were analyzed in order to determine the absolute timing of 
footwall exhumation by movement along the BCD and, if possible, the slip rate and slip 
rate variation through time for this detachment fault.  Zircon (U-Th)/He ages represent 
cooling ages through ~180° C (Reiners et al., 2004), which translate to an approximate 
depth of 7 km under normal crustal conditions.  Reproducibility of replicate analyses of 
single-grain ages with 2σ uncertainty (Table 1) suggests that the zircons from the same 
sample underwent similar thermal histories (Reiners, 2005). Locations of these samples 
are shown in Figures 2 and 3, and results are shown in Table 1 and portrayed in Figure 7.  
All single grain zircon (U-Th)/He data tables are presented in Appendix A. 
Zircon He (ZrHe) ages range from 84.6 ± 6.8 Ma Ma in the southeast in rocks 
preserving detrital 40Ar/39Ar muscovite ages (953.3 ±11.1 Ma to 1497.6 ±13.3 Ma, 
chapter 2), to 7.4 Ma to the northwest in rocks recording 74 to 66 Ma 40Ar/39Ar 
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muscovite cooling ages (chapter 2).  All 10 samples from the central and northwest 
portion of the study area, over an 18 km distance in the slip direction, vary from 7.4 to 
9.3 Ma (with the exception of one age of 10.9 Ma), whereas samples from the southeast 
portion of the study area vary from 16.2 ± 1.6 to 84.6 ± 6.8 Ma.  (U-Th)/He cooling ages 
from detrital zircons from the Stirling Quartzite and the Johnnie Formation vary from 7.4 
± 0.6 to 8.5 ± 0.7 Ma in the northwest to 9.3 ± 0.1 to 10.9 ± 0.7 Ma further southeast. 
This pattern of decreasing cooling ages to the northwest can be interpreted to indicate 
progressive cooling of the footwall through the closure isotherm, resulting from top-to-
NW motion of the hanging wall with respect to the footwall.   
A plot of cooling age versus horizontal distance along transport direction shows a 
general pattern of decreasing age to the northwest (Fig. 7). An inflection in the array of 
ZHe ages suggests inception of the BCD at ~ 10-11 Ma (Fig. 7). The steeper portion of 
the array is interpreted to reflect the partial retention zone of He in zircon, with the break 
in slope between this steeper array and the array of ages that are more similar, 
representing the base of the partial retention zone and the onset of rapid cooling (Fig. 7).  
The shallower trend with similar ages is interpreted to represent cooling through He 
closure in zircon during rapid slip along the BCD.  The ages north of sample MB07FM-
29 (Figs. 2 and 7), while showing an overall pattern of ages decreasing towards the 
northwest, show only subtle age differences, suggesting that late Miocene slip along the 
BCD was rapid. ZrHe ages below the base of the partial retention zone were used to 
calculate a slip rate on the BCD because these ages are interpreted to record cooling 
during slip along the BCD. A maximum slip rate of 12.5 ± 8.5 km/Ma was determined 
for the BCD including all analyses (Fig. 8) between 10.9 ± 0.9 Ma and 7.4 ± 0.6 Ma. A 
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minimum slip rate of 8.5 ± 2.0 km/Ma was determined excluding three analyses that 
significantly deviate from the regression line (Fig. 8).  The ages in the southeast portion 
of the study area vary from 16.2 ± 1.6 to 84.6 ± 6.8 Ma, interpreted to reflect ages within 
the partial annealing zone (PAZ) of an originally northwest-tilted rock package, and thus 
the ages themselves have no geological significance as they are partially reset.  
In summary, our study indicates that late-stage exhumation of metamorphosed mid-
crustal rocks in the Funeral Mountains was initiated by the movement along the BCD at 
~10.9 ± 0.9 to 7.4 ± 0.6 Ma. The general decrease in ZrHe ages from the southeast to the 
northwest suggests northwest movement of the hanging wall with respect to the footwall, 
consistent with fault offset determinations and limited kinematic studies of the BCD by 
previous workers in the area (Hoisch and Simpson, 1993; Wright and Troxel, 1993; 
Applegate and Hodges, 1995). 
 
Table1.  Replicate analyses of single-grain zircon ages and their averages with 2σ 
uncertainty 
Sample ID 
(1) 
Age (Ma) 
(2) 
Standard 
deviation 
(3) 
Distance of sample 
location measured from 
NW to SE (km) 
MB09FM15-1 7.8±0.6   
MB09FM15-2 10.0±0.8   
Average 8.9±0.7 0.8 0.4 
    
MB09FM8-1 8.5±0.7   
MB09FM8-2 9.7±0.8   
MB09FM8-3 9.0±0.7   
Average 9.0±0.7 0.6 2.1 
    
MB09FM9-1 7.9 ± 0.6   
MB09FM9-2 7.7 ± 0.6   
MB09FM9-3 6.8 ± 0.5   
Average 7.4 ± 0.6 0.5 4.0 
    
MB07FM43-1 8.2±0.7   
MB07FM43-2 8.6±6.9   
MB07FM43-3 8.7±0.7   
Average 8.5±0.7 0.3 4.0 
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(1) 
 
(2) 
 
(3) 
 
(4) 
MB09FM10-1 8.5±0.7   
MB09FM10-2 7.9±0.6   
MB09FM10-3 6.9±0.6   
MB09FM10 7.8±0.6 0.8 4.2 
    
MB07FM8-1 6.4 ±0.5   
MB07FM8-2 10.2±0.8   
MB07FM8-3 8.0±0.6   
Average 8.2±0.7 1.9 6.3 
    
MB07FM38-1 7.1±0.6   
MB07FM38-2 9.3±0.7   
MB07FM38-3 8.5±0.7   
Average 8.3±0.7 1.1 8.5 
    
MB07FM13-1 8.2±0.7   
MB07FM13-2 7.7±0.6   
MB07FM13-3 9.5±0.8   
Average 8.5±0.7 0.9 10.3 
    
MB07FM15-1 10.2±0.8   
MB07FM15-2 10.8±0.9   
MB07FM15-3 11.8±0.9   
Average 10.9±0.9 0.8 10.9 
    
MB07FM10-1 7.7±0.6   
MB07FM10-2 10.5±0.8   
MB07FM10-3 8.9±0.7   
Average 9.0±0.7 1.4 13.5 
    
MB07FM34-1 7.9±0.6   
MB07FM34-2 12.0±1.0   
MB07FM34-3 7.9±0.6   
Average 9.3±0.7 2.3 15.5 
    
MB07FM29-1 15.2±2.0   
MB07FM29-2 17.1±1.4   
MB07FM29-3 16.1±1.3   
Average 16.2±1.6 1.0 18.2 
    
MB07FM27-1 33.0±2.6   
MB07FM27-2 43.3±3.5   
MB07FM27-3 32.4±1.8   
Average 36.2±2.6 6.1 20.5 
    
MB07FM26-1 60. ± 4.9   
MB07FM26-2 64.4±6.8   
MB07FM26-3 65.4±5.2   
Average 63.5±5.6 2.5 25.0 
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(1) 
 
(2) 
 
(3) 
 
(4) 
MB07FM24-1 53.5±5.9   
MB07FM24-2 53.8±4.3   
MB07FM24-3 50.8±4.1   
Average 52.7±4.7 1.6 25.9 
    
MB07FM21-1 85.0±6.8   
MB07FM21-2 81.0±6.5   
MB07FM21-3 87.9±7.0   
Average 84.6±6.8 3.4 28.0 
    
 
Discussion 
Tectonic Implications of Miocene motion of the Boundary Canyon detachment fault 
Our refinement of the age of absolute motion on the BCD allows us to compare the 
timing of motion along the BCD with that of the transtensional dextral strike-slip faults 
and other detachment faults and in the Death Valley region.  The (U-Th)/He ages on a 
suite of zircon samples from the footwall of the BCD indicate Late Miocene slip (10.9 ± 
0.9 to 7.4 ± 0.6 Ma).  Although it is well known that a transtensional tectonic 
environment was prevalent after ~ 6-5 Ma, the timing of initiation of transtension is not 
well constrained.  Based on geological studies, a dextral-slip rate of 15 mm/yr was 
suggested for the Walker Lane-Eastern California shear zone since ~8-7 Ma (Wernicke 
and Snow, 1998).  The timing of this dextral shear is consistent with the proposed timing 
for the change of relative motion of the Sierra Nevada block from west to northwest 
(~10-8 Ma) with respect to stable North America (Wernicke and Snow, 1998; Snow and 
Wernicke, 2000).  On the other hand, Guest et al. (2007) and Neimi et al. (2001) 
proposed 13.1 Ma and 13.8 Ma as ages of initiation for the Stateline fault and the 
NDVFZ, respectively. A recent study on the Stateline fault system suggests a younger 
age of ~10.8 Ma for initiation of the Stateline fault (Scheirer et al., 2010).  Based upon 
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analysis of geophysical data along 220 km of swath length, these authors suggested a two 
stage Cenozoic tectonic history along the longitudinal valleys that host the Stateline fault: 
basin-forming extensional tectonism followed by dextral strike-slip fault motion. 
Considering the fact that the age of initiation of transtension is poorly constrained, it is 
possible that early slip on the strike slip faults may have overlapped with the age of 
motion on the BCD.  
Our constraints on motion of the BCD provided by the zircon (U-Th)/He cooling ages 
(10.9 ± 0.9 ± to 7.4 ± 0.6) are comparable with the previous timing constraints on the 
BCD (Holm and Dokka, 1991; Hoisch and Simpson, 1993; Applegate and Hodges, 
1995).  Our zircon (U-Th)/He ages are consistent with 9.0 ± 2.6 (zircon) and 10.6 ± 1.6 
(sphene) fission track ages of Holm and Dokka (1991) as well as 11–9 Ma 40Ar/39Ar K-
feldspar ages (Applegate and Hodges, 1995) from Late Cretaceous pegmatite dikes from 
Monarch Canyon.  An apatite fission track age from similar pegmatite dikes from the 
same area yielded an age of 6.6 ± 3.3 Ma (Holm and Dokka, 1991). Integrating our ZHe 
analyses with the previous FT analyses indicates that movement on the BCD occurred 
during the period of 10.9 ± 0.9 to 6.6 ± 3.3 Ma, and was responsible for late Miocene 
unroofing and cooling of the metamorphic core rocks.  
The timing of Miocene exhumation of the core rocks in the Funeral Mountains along 
the BCD (10.9 ± 0.9 to 6.6 ± 3.3 Ma) overlaps with the timing of exhumation of 
metamorphic rocks in the footwall of other low angle-normal faults (detachments) in the 
surrounding mountain ranges (Fig. 9). These detachments include the Tucki Mountain 
detachment; Harrisburg detachment and Eastern Panamint fault of the Panamint Range; 
the Black Mountains fault; the Fluorspar Canyon detachment of Bare Mountains; the 
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Bullfrog detachment of the Bullfrog Hills; and the Silver Peak-Lone Mountain 
detachment of Mineral Ridge.  Ages of these detachment faults are summarized in table 2 
below. 
 
Table 2. Summary of ages of detachment faults in Death Valley region. 
Mountain range Detachment faults Age (Ma) References 
Black Mountains Black Mountains 
detachments 
10-6 Ma 
~14- to ~ 6 to 8 Ma 
Holm et al., 1994  
Miller and Pavlis, 
2005 
Panamint Mountains Harrisburg detachment  
 
Eastern Panamint fault 
 
10.6 Ma 
15 Ma, until <13.5 Ma 
10.8 to 7.6 Ma 
Hodges and 
McKenna, 1990  
Andrew and 
Walker, 2009  
Hodges and 
McKenna, 1990 
Tucki Mountain Tucki Mountain 
detachment 
Early Miocene (poorly 
constrained) 
N/A 
Funeral Montains Boundary Canyon 
detachment 
11 to 6 Ma Holm and Dokka, 
1991; Hoisch and 
Simpson, 1993; this 
dissertation 
Bare Mountain Fluorspar Canyon 
detachment 
12.6 to 11.1 Ma Hoisch et al., 1997 
Bullfrog Hills Bullfrog detachment 10.2 to 8.6  Ma 
10 to 8 Ma 
Hoisch et al., 1997 
Maldonado, 1990 
Mineral Ridge Silver Peak-Lone 
Mountain detachment 
11-6 Ma Oldow et al., 1994 
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The BCD, Bullfrog detachment, and the Fluorspar Canyon detachment, have been 
interpreted as traces of a single folded regional detachment, in which the lower plate is 
thought to be continuous from Bare Mountain to the Funeral Mountains across the 
Armargosa Valley (Monsen, 1988; Hamilton, 1988; Hoisch, 1997, 2000). Timing on the 
north-dipping Fluorspar Canyon detachment fault along the northern margin of Bare 
Mountain was constrained at 12.6 to 11.1 Ma (Hoisch et al., 1997).  The timing on the 
Bullfrog detachment fault to the west in the southern Bullfrog Hills is slightly younger 
than the Fluorspar Canyon detachment (10.2 to 8.6 Ma, Hoisch et .al, 1997; 10 to 8 Ma, 
Maldonado, 1990).   
The Funeral Mountains are situated west of the inferred northwestern termination of 
the dextral Stateline fault (Guest et al., 2007), and are bounded on the southwest and west 
by the right-lateral Northern Death Valley fault zone (Figs. 4 and 6). The Funeral 
Mountains are thus in a position between these two faults compatible with a dextral left 
step over (Figs. 4 and 6).  Unless motion on the strike-slip faults initiated earlier than 8-7 
Ma, the BCD may not be genetically linked with the strike slip faults.  In fact, Recent 
study in Death Valley region suggested that at least for the Death Valley section of the 
ECSZ, the strike-slip faults and associated topographic depression initiated ~ 3 Ma 
(Norton, 2011).  
Is the Boundary Canyon detachment fault a reactivated fault? 
The new results of 40Ar/39Ar muscovite and (U-Th)/He zircon cooling ages presented 
here suggest that the Miocene (11-6 Ma) BCD may have reactivated a pre-existing 
normal fault (precursor of modern BCD) which was active during Late Cretaceous time 
(75-67 Ma). Reactivation is primarily caused by stressing of an inherently anisotropic 
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continental crust (White et al., 1986). Reactivation commonly occurs along one of the 
following types of pre-existing structures: (1) shear zones, (2) faults, or (3) major 
compositional/rheological boundaries (Holdsworth, 1997; Wells, 2001).  
The orientation of layered crustal sections and their inherent rheological boundaries, 
as well as pre-existing structures, may influence the geometry of subsequent extensional 
structures (Wells, 2001). The influence of dipping stratigraphy on the geometry of 
detachment faults is apparently important at least in three localities in the western US 
Cordillera: (1) in the Albion, Raft River and Grouse Creek Mountains, the top-to-the-
west Cretaceous Emigrant Spring and Mahogany Peak faults (Wells, 1997; Wells et al., 
1998) and the Eocene Middle Mountain shear zone (Saltzer and Hodges, 1988; Wells et 
al, 1997) might have been influenced by a major west-dipping crustal ramp that imparted 
a west tilt to the crustal section (Armstrong, 1982): (2) the orientation of the dominantly 
west vergent Late Cretaceous to early Tertiary Pequop fault, and the Tertiary Marys fault 
system, appear controlled by development of a prior west-dip to the crustal section in the 
footwall of the Windermere thrust in the Pequop Mountains, Wood Hills, and East 
Humboldt Range, Nevada (Muller and Snoke, 1993; Camilleri and Chamberlain, 1997); 
and (3) similarly, in the northern Snake Range, the development of the northern Snake 
Range decollement appears to have been controlled by a prior east-dipping crustal section 
in the footwall of a west-vergent thrust (Lewis et al., 1999). 
In the Funeral Mountains, the orientation and kinematics of the top-to-northwest 
intra-core extensional shear zones (Applegate and Hodges, 1995) and the younger core-
bounding BCD (Wright and Troxel, 1993) appears to be controlled by the reconstructed 
northwest dip to the stratigraphic section (Hoisch and Simpson, 1993). In addition to the 
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mechanical anisotropy imparted by stratigraphy, a northwest-dipping thrust fault may 
have played a role in localizing these subsequent extensional structures. The BCD 
generally exhibits only little stratigraphic omission (locally ~4 km) and yet significant 
metamorphic grade discordance exists across the structure (Wright and Troxel, 1993; 
Hoisch and Simpson, 1993).  These observations have led to the interpretation that this 
structure may have developed by down-dip extensional shearing along, or at a low angle 
to, initially inclined lithologic boundaries or pre-existing structure (Hoisch and Simpson, 
1993; Applegate and Hodges, 1995; Wells, 2001). A similar situation, where the 
structural (metamorphic) excision exceeds the stratigraphic excision, was documented in 
the Snake Range, Nevada, where the northern Snake Range decollement places Cambrian 
over Cambrian and Proterozoic rocks without stratigraphic omission (Miller et al., 1983; 
Lewis et al., 1999), and yet places subgreenschist rocks over middle amphibolite grade 
rocks.  
We propose that the BCD reactivated a Mesozoic thrust, which was responsible for 
much of the deep burial of rocks in the Funeral Mountains.  Emplacement of this thrust 
sheet led to development of the metamorphic field gradient evident in the Funeral 
Mountains, and development of an anisotropy along which two periods of extensional 
reactivation occurred: (1) Late Cretaceous extensional reactivation, and (2) Miocene 
extensional reactivation.  Reactivation of thrust faults during periods of later crustal 
extension is a common phenomenon (e.g., White, 1986, Cemen and Wright, 1990; West, 
1993; Simpson et al., 2001). Previous workers in the Funeral Mountains proposed two 
areas that contain structural relationships suggesting reactivation of Mesozoic thrusts 
during Cenozoic extension. Cemen and Wright (1990) interpreted that the northwest 
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portion of the Clery thrust (Bat Mountain area) was reactivated at ~ 14 Ma, and also 
proposed the southwestern portion of the Schwaub thrust may have been reactivated 
during Cenozoic extension. In the Black Mountains, Miller and Pavlis (2005) have also 
suggested that the Turtleback structures are reactivated thrusts. 
It is well understood that upper crustal rocks are mainly deformed by frictional 
sliding along pre-existing faults and fractures because such movement is easier than 
formation of new fractures because the rock lacks cohesion across pre-existing fractures 
(Wells, 2001; Twiss and Moores, 2006). This scenario is expressed by modification of 
the Coulomb fracture criterion.  The Coulomb fracture criterion (Fig. 10) is expressed by 
the following formula: 
│σ*s│= c + µ *σn , where σ*s = critical shear stress for failure; c = cohesion, µ = 
coefficient of internal friction; *σn (effective normal stress) = σn –p, where p = pore fluid 
pressure.  When slip occurs along pre-existing faults and fractures, the criterion simplifies 
as cohesion (c) goes to zero. 
│σ*s│= µ *σn  
The coefficient of friction, µ is defined as 
 µ  = tanφ, where φ = angle of internal friction. 
The fact that the cohesion term (c) in the above equation goes to zero suggests that 
movement initiated along a pre-existing fault can occur at relatively low critical shear 
stress (Fig. 10). This principle may apply for initiation of the Miocene BCD along 
NW/W-dipping Late Cretaceous precursor BCD (chapter 2). We speculate that motion 
along the Miocene BCD exhumed lower plate rocks from only a modest depth, following 
earlier exhumation along the precursor BCD during the Late Cretaceous.  This study, as 
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well as previous fault offset studies in the area, indicate that both the Late Cretaceous and 
Miocene motions along the BCD are similar in kinematics and geometry, and displaced 
the hanging wall to the west-northwest.  
What are the relative contributions of Miocene versus Cretaceous exhumation along the 
BCD?  
Integrating our (U-Th)/He zircon ages (10.9 ± 0.9 ± to 7.4 ± 0.6 Ma) from the 
footwall of the BCD with prior fission track ages (Holm and Dokka, 1991; Hoisch and 
Simpson, 1993) indicates rapid slip at ~ 11- 6 Ma during exhumation of the Funeral 
Mountains core rocks by movement along the BCD.  However, preservation of Late 
Cretaceous muscovite ages from the furthest down-dip position in the footwall of the 
BCD (chapter 2) suggests that Late Miocene exhumation should have been modest. That 
is, Miocene detachment faulting tapped crust that had already cooled below 400° C. 
The Miocene BCD had a component of crystal-plastic deformation. Crystal-plastic 
deformation is indicated from the presence of calc-mylonite immediately beneath the 
BCD and the top-to-the-northwest motion inferred from the crystal-plastic fabrics of the 
calc-mylonite, as well as crystal-plastic deformation and kinematics inferred from 
quartzite microstructures (Figs. 11, 12, and 13).  We believe deformation fabrics in the 
calc-mylonite might have accommodated much of the shear strain during Miocene 
crystal-plastic deformation, despite the preservation of Late Cretaceous 40Ar/39Ar 
muscovite ages. One seemingly contrasting issue is that if the calc-mylonite is a part of 
the Miocene deformation along the BCD, why does muscovite within the calc-mylonite 
consistently yield Late Cretaceous 40Ar/39Ar ages? The answer for this question appears 
tied with the temperature required for a carbonate rocks to plastically flow. 
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Studies across metamorphic field gradients in the Helvetic nappes (Switzerland) have 
shown that calcite grain size can be used to infer the temperature of deformation over a 
temperature range of 200 to 700◦C (Ebert et al., 2007a, 2007b, and Ebert et al., 2008).  
Localization of deformation in several high strain calc-mylonite shear zones in the Alps, 
for which there is abundant independent thermometry, led to nearly complete dynamic 
recrystallization, allowing for the grain size-temperature relationships to be developed 
(e.g., Ebert et al., 2007a, 2007b, and Ebert et al., 2008). Localization of deformation in 
narrow shear zones requires strain softening which can be accomplished by various 
processes including dynamic recrystallization, change in deformation mechanisms, 
synkinematic fluid flow, metamorphic mineral reactions, shear heating, presence of 
second-phase particles (e.g., Ebert et al., 2007a, 2008.).   
Temperature, stress, and strain rate are the three intrinsic factors controlling the mean 
grain size and distribution of calcite in carbonate mylonite shear zones (Ebert et al., 
2007a, 207b).  These authors demonstrated that temperature is the main factor controlling 
the mean grain size of calcite.  The change of stress and strain along the shear zone and 
across the shear zone in calcite mylonite zones (different layers) showed that the changes 
in strain rate are insignificant (Ebert et al., 2007a); suggesting strain rate has a minimal 
impact on the mean grain size of calcite.  
In the Funeral Mountains core complex, at least one very prominent, approximately 1 
to 10 meter thick fine-grained calc-mylonite is present immediately beneath the BCD in 
the northwest portion of the core complex (Fig. 13). Considering the fact that the 
calcmylonite beneath the BCD only has few impurities that strain rate has been shown to 
have a minimal effect on mean calcite grain size (Ebert et al., 2007a), temperature of 
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deformation of the calc-mylonite zone beneath the BCD was estimated using empirical 
calibration plot of Ebert et al. (2007a).  Recrystallized calcite grains measured from thin 
sections in the Funeral Mountains calc-mylonite mainly vary from ~ 3µm to 9 µm.  Using 
the empirical calibration plot of Ebert et al. (2007a) to assess the temperatures of 
dynamic recrystallization for the BCD calc-mylonite shows that deformation 
temperatures implicit for the calc-mylonite rock range from ~230 to 290 ◦C (Fig. 14).  
Grain size reduction to such fine grain size is commonly taken as evidence for relatively 
low temperature conditions of deformation (Molli et al., 2000; Ebert, 2007a, 2007b; Ebert 
et al., 2008). 
Deformation temperatures estimated for the calc-mylonite beneath the BCD using 
Ebert’s calibration ranges from ~230 to 280 ˚C (Fig. 14). Because this range of 
deformation temperatures is below the argon closure temperature (425˚C) in muscovite 
(Harrison et a1., 2009), the 40Ar/39Ar muscovite ages from the calc-mylonite may reflect 
the Late Cretaceous deformation along the precursor BCD, which is believed to have had 
a significant contribution in bringing the core rocks in the Funeral Mountains towards the 
surface during Late Cretaceous time (Chapter 2). 
Conclusions 
Based on our studies, the following conclusions are drawn. 
1. The latest period of motion along the BCD, and thus exhumation of 
metamorphosed supracrustal rocks in the Funeral Mountains, initiated at ~11 Ma 
and probably ceased around ~6 Ma, and a slip rate of 8.5 ± 2.0 km/Ma was 
estimated.  The constraints on the fault motion are consistent with ages of 
footwall exhumation and motion on other detachment faults in the Death Valley 
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region, including the Tucki Mountain detachment, the Harrisburg detachment and 
Eastern Panamint fault of the Panamint Range, the Black Mountains fault 
bounding the Mormon Point, Copper Canyon, and Badwater turtlebacks, the 
Fluorspar Canyon detachment of the Bare Mountain and the Bullfrog detachment 
of the Bullfrog Hills, and the Silver Peak-Lone Mountain detachment of Mineral 
Ridge. Preservation of Late Cretaceous muscovite ages from the furthest down-
dip position in the footwall of the BCD lead us to speculate that the Miocene 
BCD exhumed core rocks from only a modest depth. The ages in the southeast 
portion of the study area vary from 16.2 ± 1.6 to 84.6 ± 6.8 Ma, and are 
interpreted to record cooling of an originally northwest-tilted rock package 
following the Late Cretaceous and Eocene-Oligocene exhumation of the core 
rocks by movement along the initial (fossil) Boundary Canyon Detachment fault 
and Chloride Cliff shear zone, respectively.  
2. We suggest that Miocene motion may have reactivated a pre-existing west-
northwest dipping precursor of the BCD during Pacific-North America transform 
motion. Our studies, as well as previous fault offset studies in the area, indicate 
that both the Late Cretaceous and Miocene motions along the BCD where similar, 
and displaced the hanging wall to the west/northwest relative to the footwall.  
3. Dextral strike-slip faults of the Eastern California shear zone, including the 
NDVFZ and Stateline fault, have been active since ~6 Ma. The BCD lacks 
lithified deposits that overlie the fault trace.  However, the apatite fission track 
age (~ 6 Ma) from the footwall of the BCD indicates cooling through ~100°C, 
and thus some slip may have postdated 6 Ma. Thus, unless the age of initiation of 
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the ECSZ is older than currently recognized, extension in the Funeral Mountains 
core complex may not be kinematically linked to the ECSZ.  The timing of 
motion on the BCD is comparable with the ages of other low-angle detachment 
faults in the Death Valley region.  
4. Based on the ages of detachments faults at the latitude of Death Valley, we 
speculate that large-scale extension accommodated along low-angle normal faults 
(detachment faults) may have been related to the Pacific-North America transform 
motion, immediately before the Pacific-North America relative plate motion 
changed from approximately E-W (~8 Ma) to the northwest (Griscom, 1989; 
Atwater and Stock, 1998). 
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Figure captions 
Figure 1. Map of a portion of the western US showing Cenozoic tectonic features. BM, 
Black Mountains; DV, Death Valley; DV-FLVF, Death Valley-Fish Lake Valley fault 
zone; EPF, Emigrant Peak fault zone; EV, Eureka Valley; FM, Funeral Mountains; GF, 
Garlock fault; GM, Grapevine Mountains; IM, Inyo Mountains; LV, Long Valley 
caldera; PM, Panamint Mountains; HMF, Panamint Valley-Hunter Mountain-Saline 
Valley fault zone; OVF, Owens Valley fault zone; SR, Silver Peak Range; SPLM, Silver 
Peak-Lone Mountain extensional complex; SLF, Stateline fault zone; WM, White 
Mountains; WMF, White Mountains fault zone. Modified from Frankel et al., 2007. 
Figure 2. Geologic map of the Funeral Mountains showing the locations of (U-Th)/He 
geochronology samples (red circle). Modified fromWright and Troxel, 1993. 
Figure 3. Cross-section along profile line A-A’ (Figure 2) showing the locations of (U-
Th)/He thermochronology samples projected to the profile line perpendicular to the 
transport direction. Note also the general pattern of ages decreasing towards the 
northwest (from A’ to A). Modified from Wright and Troxel, 1993. 
Figure 4.  Map showing the northern continuation of the eastern California shear zone 
showing the relationship between the dextral strike-slip faults with normals. AHF, Ash 
Hill fault; BLM, BM, Bare Mountains; BLM,  Black Mountains; BMF, Black Mountains 
fault zone; BCD, Boundary Canyon detachment fault; NDVF, Death Valley-Furnace 
Creek; DSF, Deep Springs fault; DSV, Deep Springs Valley; FLV, Fish Lake Valley; 
FLVF, Fish Lake Valley fault zone; FM, Funeral Mountains; HMF, Hunter Mountain 
fault zone; OVF, Owens Valley fault zone; PV, Panamint Valley; PVF, Panamint Valley 
fault zone; SDVF, southern Death Valley fault zone; SLF, Stateline fault zone; SNF, 
Sierra Nevada frontal fault; SVF, Saline Valley fault zone; TMF, Tin Mountain fault; 
TPF, Town Pass fault, WMF, White Mountains fault zone; and YM, Yucca Mountain. 
Map modified from Frankel et al., 2007. 
Figure 5.  Map showing Tertiary fault system in Death Valley region. Known low-angle 
normal faults that exhumed metamorphosed core rocks in their footwalls are labeled. 
BCD, Boundary Canyon detachment; BFD, Bullfrog detachment; HBD, Harrisburg 
detachment, ESF, eastern Panamint fault; TMDS, Tucki Mountain detachments; BMF, 
Black Mountains fault. Map adopted from Hodges et al., 1990 and Hoisch et al. (1997) 
and names of detachment faults from Hodges and McKenna (1990) and Hoisch et al. 
(1997). 
Figure 6.  Map showing correlation of the BCD, Bullfrog and Fluorspar Canyon 
detachments in the Fluorspar Hills and at Bare Mountain, respectively (modified from 
Hoisch, 1997).  BCD, Boundary Canyon detachment fault; BFD, Bullfrog Detachment; 
FSD, Fluorspar Detachment ; KWF, Keane Wonder fault zone; NDVFZ, Northern Death 
Valley fault zone; SLF, Stateline fault.  Note also the orientation of the dextral Northern 
Death Valley and Stateline faults with respect to the Funeral Mountains.  Positions of the 
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Stateline and Northern Death Valley dextral-slip strike slip faults are from Guest et al. 
(2008) and Frankel et al. (2007), respectively. 
Figure 7.  Zircon (U-Th)/He age versus distance in slip direction beneath the Boundary 
Canyon Detachment fault.  Prominent break in slope reflects where the tilted crustal 
section reached base of the partial retention zone for helium diffusion in zircon. The 
steeper age gradient is interpreted to reflect the partial retention zone of He, whereas 
shallower trend with similar ages is interpreted to reflect rapid slip along the BCD.\ 
Figure 8.  Slip rate plots for the BCD determined using Zircon He ages of samples 
collected along the footwall of the BCD. 
Figure 9.  Ages of motions of detachment faults in Death Valley region. 
 
Figure. 10  Sketch of Coulomb criterion for shear fracture and frictional sliding. Note that 
because frictional sliding occurs along pre-existing fractures, there is no cohesion and 
thus lower critical stresses are required for slip than for shear fractures.  σn, normal stress; 
σs, shear stress; σnf*, critical normal stress for fracture; σsf*, critical shear stress for 
frictional sliding; σns*, critical normal stress for shear fracture , σss*, critical shear stress 
for shear fracture; c, cohesion. Modified from Twiss and Moores, 2006. 
 
Figure 11.  Thin section photomicrographs (cross-polarized light) of quartzites from the 
northwest portion of the core complex beneath the BCD showing elongated and stretched 
quartz ribbons. The quartz ribbons show undulose extinction and are recrystallized into 
new grains at their grain boundaries, an evidence for deformation under relatively lower 
temperatures (regime 1 of Hirth and Tullis). Scale bar in each sample is 0.7 mm. 
Figure 12.  Thin section photomicrograph (cross-polarized light) of mylonitic quartzite 
from the northwestern end of the study area (Hells Gate).  Foliation is defined by 
muscovite orientation and concentration. Scale bar is 0.7 mm.  
Figure 13.  Thin section photomicrograph (cross-polarized light) of a calc-mylonite from 
the immediate footwall of the BCD. Scale bar is 0.7 mm.  
Figure 14.  Grain size versus temperature plot for calcite mylonite samples showing the 
relationship of calcite grain size (Dcc) with temperature (modified from Ebert et al., 
2008). Note the that range of measured recrystallized calcite grain sizes and their mean 
grain size from calc-mylonite immediately beneath the BCD from the northwest portion 
of the Funeral Mountains core complex are plotted, and the inferred temperatures from 
the grain sizes are indicated (see text for discussion). 
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Appendix A: GPS locations of muscovite samples collected for 40Ar/39Ar analyses 
 
Easting Northing 
508852 4063494 
509312 4063798 
516995 4059440 
515005 4059654 
517671 4053758 
531361 4050560 
529407 4052443 
528562 4054429 
523884 4055059 
521953 4057137 
523519 4057092 
518997 4059708 
511039 4062123 
512171 4062555 
509920 4063690 
508745 4064633 
507563 4065035 
514451 4060919 
515005 4059654 
519205 4054847 
518925 4033732 
531466 4050635 
531266 4051922 
503884 4066145 
506120 4065120 
509182 4064447 
514451 4060919 
505660 4065120 
506884 4066145 
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Appendix B: Methods- Lu-Hf Geochronology 
We collected garnet–bearing pelitic schists from middle greenschist facies Johnnie Formation from 
Indian Pass area for garnet Lu-Hf geochronology to date the age of the latest Barrovian metamorphism in 
the Funeral Mountains core complex.  Collected samples from the area typically consists mineral 
assemblages of garnet, quartz, muscovite, chlorite, chloritoid, ilmenite, rutile, and apatite (Styger, 2008). 
Sample Preparation 
Rock samples were crushed using agate mortar and pestal. Materials less than 4.75 mm standard sieve 
were processed on the Wilfley table to concentrate garnet and other heavy minerals.  After the samples 
were entirely dried, the denser fractions of the sample from the Wilfley table were further separated using 
heavy liquids and the Frantz Isodynamic separator. Minerals grains were hand-picked under a binocular 
microscope to exclude inclusion-rich garnet fragments. Prior to dissolution, the garnet and whole rock 
samples were crushed to powder using agate mortar and pestal to facilitate dissolution. The garnet samples 
were then washed with alcohol and acetone to remove surface contamination.  For each analysis, ~ 250 mg 
of garnet or whole rock sample was weighed into Savillex Teflon beakers.  
The goal of the mineral preparation was to obtain sufficiently pure mineral separates to ensure a 
maximum spread in Lu ⁄ Hf ratios; however, complete removal of garnet fragments with refractory 
inclusions (e.g., zircon and rutile) by hand-picking alone is practically impossible.  To alleviate difficulties 
from incorporation of Hf from refractory mineral inclusions such as zircon, improved dissolution and 
chemical separation methods were utilized (Scherer et al., 2000 and Bizzarro et al., 2003). The Lu-Hf 
geochronology analyses were conducted at the Washington State University using methods and procedures 
developed by Jeff Vervoort of Washington State University. Details of the methods used are presented 
below. 
Sample dissolution and chemical separation   
Except for whole rock samples, garnet fractions from each sample were leached in 1.0 M, ~ 4 ml HCl 
and pure water within an ultrasonic bath for 10–15 and 5 minutes, respectively, to remove surficial 
contamination produced during mineral separation. After ultrasonic cleaning and a couple of minutes 
settling, the cleaning solution was pipetted and discarded.  After cleaning, for each sample unknown, four 
garnet fractions and one or two whole rock fractions were digested using hotplate dissolution in Savillex 
beakers, and a second whole rock sample was digested using high-pressure Teflon bombs in an oven at 
~175°C. The purpose of the Savillex hotplate digestion is to digest garnet and whole-rock free of zircon, 
while digestion in the high pressure Teflon bombs in the oven is to digest all mineral phases including 
zircon. 
Samples were digested overnight in ~10 ml of 10:1 acid mixtures of 29 M HF and 14 M HNO3 in open 
beakers at ~160 °C. The purpose of this step is to breakdown a significant amount of the silicates in the 
samples.  After drying the samples, the same HF: HNO3 mixture was added again, but this time beakers 
were capped and heated at ~160 °C for about 2–5 days until the samples were fully dissolved.  Following 
digestion, all samples were uncapped and dried completely on the hotplate. Then, a mixture of saturated 
solution of H3BO3 and ~ 6 M HCl were added on the dried sample in the following proportion: for each 100 
mg of sample, 1 ml of H3BO3 and 6 ml HCl were added.  The samples were then capped and heated 
overnight at ~ 100°C. The purpose of this step is to remove the solid fluoride residue by the production of 
BF3 gas. After drying, ~ 6 M HCl was added and uncapped and allowed to dry at ~ 160°C.  After drying, ~ 
6 M HCl was added again and fluxed for about 6-8 hours to obtain a clear final solution; at the point, the 
samples are ready for spiking.  At this step, the samples were removed from the hot plate and cooled off. 
Samples were spiked with a mixed 176Lu-180Hf tracer to determine the concentrations of Lu and Hf and 
accurately determine 176Lu/177Hf ratios for geochronology. The spiked samples, then, were capped and 
allowed to equilibrate on a hot plate for 1–2 days.  For the bomb whole rock samples, sample-spike 
equilibration was performed on hot plates within Savillex beakers following the production of clear 
solutions within bombs.  
Lu and Hf were sequentially separated from the final solution by performing two-stage column 
chemistry using first-stage and second-stage cation exchange resins. First-stage columns utilized a 10-mL 
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resin bed of Bio-Rad AG50w-X12. The next step was to prepare the samples for the first-step column 
chemistry. The spiked sample solutions were uncapped and set to dry down on a hot plate. After the 
samples dried, the samples were dissolved in 0.5 ml of 6.0 M HCl and allowed to flux on the hot plate, and 
subsequently diluted with 2.5 ml of H2O and again allowed to flux on hotplate.  Prior to loading on the 
column, 20µl of 29 M HF was added to the solution to complex the Hf, and then the solution was 
immediately centrifuged at 3500 rpm for 15 minutes. The purpose of adding HF is to complex Hf and other 
HFSE as fluoride anions so that these elements did not interact with the cation resin. The pipetted clear 
solution was loaded onto the first-stage column resin. The Hf ⁄HFSE cut was eluted and collected by adding 
1.0 ml of 1.0 M HCL⁄ 0.1 M HF six times. The samples were then dried for the second-stage Hf column 
separation. Following Hf collection, the bulk matrix of the sample was washed with 5 ml 1.0 M HCL⁄ 0.1 
M HF five times and discarded. Then the matrix is washed with 100 ml of 2.5 M HCl and discarded. 
Finally, the Lu-Yb ⁄HREE cut was then collected from the column using 60 ml of 2.5 M HCl and dried on 
the hotplate for the second- stage Lu column separation. 
The second stage column for Hf consists of a 1.0-ml bed of Eichrom Ln-Spec resin. This stage is 
critical to separate hafnium from the other HFSE.  This is especially true for titanium which has been 
shown to physically hinder precise determination of Hf isotope ratios by MC-ICP-MS due to “plating of Ti 
oxide on the plasma sampling interface” (Vervoort oral communication, 2008). The dried Hf ⁄HFSE cut 
from the first column is dissolved in 5 ml of 2.5 M HCl and allowed to flux on the hot plate, and then 
loaded onto the resin bed. The column is first rinsed with additions of 2.5 M HCl and 6.0 M HCl 
subsequently to remove any REEs left from the first stage, followed by rinsing with H2O to remove HCl. 
Then, titanium was separated from the other HFSE by rinsing with 60 ml (10 ml at a time, six times) 0.45 
M HNO3 ⁄ 0.9 citric acid ⁄1wt. %H2O2solution. The mixed solution changes the color of the resin bed into 
orange if there is Ti. Then, the resin bed is washed by adding 5 ml 0.09 HCit/0.45 HNO3 to remove the 
hydrogen peroxide component ( H2O2), followed by rinsing the Ti from the resin bed by using 20 ml 6.0 M 
HCl/0.06 M HF. Finally, Hf was eluted and collected using 5 ml 6.0M HCl/0.4 M HF and dried for the next 
step. If necessary third stage Hf purification can also be performed.     
The second-stage Lu column utilizes a 0.9-ml bed of Eichrom Ln-spec resin. The purpose of this stage 
is to purify the Lu ⁄HREE cut from the first column stage, especially, to remove a majority of the Yb from 
Lu, although removal of all the Yb is practically not possible (Vervoort et al., 2004). The first step in this 
process was to add 2 drops of 2X HNO3 to the Lu ⁄HREE cut from the first column and dry down. Then, 
the samples were dissolved in 0.5 ml 2.5 M HCl and loaded to the resin bed. The resin bed was then 
washed with 10 ml 2.5 M HCl three times to remove most of the Yb.  Finally, Lu was eluted and collected 
using 5 ml 6.0 M HCl. 
Finally, for both Lu and Hf, one drop of concentrated HNO3 was added to the dried samples to remove 
organics. After the samples dried down, 1ml 2% HNO3 was added and, allowed to equilibrate for about 10 
minutes on the hot plate, at the point, samples are ready for mass spectrometry analyses. 
Isotopic analyses   
The isotopic compositions of Lu and Hf were analyzed using a ThermoFinnigan Neptune multi-
collector inductively coupled plasma mass spectrometer (MC-ICPMS) at Washington State University.  Lu-
Hf ages are calculated using the decay constant of 1.867 ± 0.008x 10-11 year-1 (Soderlund et al, 2004). 
Hafnium and Lutetium isotopic measurements were closely controlled by measurements of the JMC-475 
Hf and Lu-100-Yb isotopic standards, respectively. Each individual analytical session was normalized to 
the accepted 176Hf/177Hf value of 0.282160 for JMC 475 (Vervoort and Blichert-Toft, 1999). Data 
corrections for isobaric interferences and mass fractionation of Lu and Hf isotopes were performed as 
reported in Vervoort et al. (2004).   
The Lu-Hf isochron ages of each sample are determined using the software, Isoplot 3.00, developed by 
Kenneth Ludwig of Berkeley Geochronology Center. For plotting the isochron, 95% confidence errors 
were applied to all data. Using the isotopic ratios (176Hf/177Hf and 176Lu/177Hf) and the standard error 
determined for MC-ICP-MS analyses for each sample, a regression and the associated isochron age, error, 
and the MSWD were calculated.   
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Appendix C: Lu-Hf garnet and whole rock analyses data for sample from Indian Pass, Funeral Mountains, Death Valley, Southeast California 
     SS07FM- 11Fgt1 
Lu-Hf data       
Date Sample Number Sample Type  Location  
23/1/2008 11F-gt1  Garnet  Funeral Mountains, Death Valley 
       
Sample wt: 0.24539 g Spike wt: 0.32150 g Spike: Lu-Hf-9.2  
       
18-Feb-04 Lu ratio 175/176 n 176/175  175 Lu intensity 
 Measured 8.004354 29/30 0.124932  9.139 
  
± 
0.000528  ± 0.000008  
50 
uL/min 
 
   
   
20-Feb-04 Hf Ratios 176/177 178/177 179/177 180/177 n 
 Measured 0.284246 1.483353 0.749696 2.410358 72/75 
  
± 
0.000013 ± 0.000035 ± 0.000016 
± 
0.000045  
 beta factor   -1.75889   
 
fractionation 
corrected 0.287099 1.468718 0.735005 2.339817  
 spike corrected 0.287152 1.467239 0.732501 1.886660  
 bias adjusted 0.287154 1.467145    
 TRUE  1.467170 0.7325 1.88666  
 
Yb and Lu interference 
corr 
0.287086 
-0.000025 
 
 
   
 Lu ppm = 5.850  Hf ppm = 0.5418  
 176Hf/177Hf = 0.287086  176Lu/177Hf 
= 
1.533167  
  ± 13   ± 3066  
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 Epsilon Hf today= 152.58 using 0.282772  
  0 Ma= 152.58  1.867E-11  
   ± 442294.09  0.03320  
 176 Hf intensity = 0.132 V interference 
contrib Hf ratio correction factors  
 175Lu/177Hf = 0.000058 0.000007 176/177 bias 1.000009  
 173Yb/177Hf = 0.000079 0.000061 178/177 bias 0.999936  
 182W/177Hf = 0.002955  180/177 bias 0.999895  
    Nebulizer: Aridus  
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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SS07FM- 11Fgt2 
Lu-Hf data             
Date Sample Number Sample Type  Location   
23/1/2008 11F-gt2   Garnet   Funeral Mountains, Death Valley 
         
Sample wt: 0.23939 g Spike wt: 0.21791 g Spike: Lu-Hf-9.2   
         
18-Feb-04 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 5.772006 28/30 0.173250  6.387 
   
± 
0.000358  ± 0.000011  50 uL/min 
  
   
    
20-Feb-04 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.283771 1.483839 0.750526 2.571729 70/75 
   
± 
0.000010 ± 0.000036 ± 0.000021 
± 
0.000072   
  beta factor   -1.75247    
  fractionation corrected 0.286608 1.469253 0.735872 2.496736   
  spike corrected 0.286678 1.467262 0.732501 1.886660   
  bias adjusted 0.286681 1.467168     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.286653 -0.000002     
         
  Lu ppm =  2.724  Hf ppm = 0.2795   
         
  176Hf/177Hf = 0.286653  176Lu/177Hf = 1.383801   
   ± 10   ± 2768   
  Epsilon Hf today= 137.26 using 0.282772   
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   0 Ma= 137.26  1.867E-11   
    ± 363278.39  0.03320   
         
              
  176 Hf intensity = 0.122 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.000062 0.000011 176/177 bias 1.000009   
  173Yb/177Hf = 0.000022 0.000017 178/177 bias 0.999936   
  182W/177Hf = 0.002440  180/177 bias 0.999895   
     Nebulizer:   Aridus   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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SS07FM- 11Fgt3 
Lu-Hf data             
Date Sample Number Sample Type  Location   
23/1/2008 11F-gt3   Garnet   Funeral Mountains, Death Valley 
         
Sample wt: 0.25295 g Spike 
wt: 
0.11293 g Spike: Lu-Hf-9.2   
         
18-Feb-04 Lu ratio 175/176 n 176/175  
175 Lu 
intensity 
  Measured 12.049790 29/30 0.082989  1.248 
   
± 
0.000940  ± 0.000006  50 uL/min 
  
   
    
20-Feb-04 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.289200 1.483929 0.750358 2.486763 71/75 
   
± 
0.000021 ± 0.000056 ± 0.000035 
± 
0.000106   
  beta factor   -1.78861    
  fractionation corrected 0.292151 1.469042 0.735408 2.412779   
  spike corrected 0.292220 1.467325 0.732501 1.886660   
  bias adjusted 0.292223 1.467231     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.2917
89 0.000061     
         
  Lu ppm =  3.477  Hf ppm = 0.1591   
  176Hf/177Hf = 0.291789  
176Lu/177H
f = 3.105399   
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   ± 21   ± 6211   
         
  
 
Epsilon Hf today= 318.89 using 0.282772   
   0 Ma= 318.89  1.867E-11   
    ± 756821.75  0.03320   
  176 Hf intensity = 0.051 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.000406 0.000034 176/177 bias 1.000009   
  173Yb/177Hf = 0.000520 0.000400 178/177 bias 0.999936   
  182W/177Hf = 0.019340  180/177 bias 0.999895   
     Nebulizer:   Aridus   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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SS07FM-11Fgt5 
Lu-Hf 
data             
Date Sample Number Sample Type  Location   
11-Jun-08 SS07FM-11F gt 5 garnet   Albion 
range   
         
Sample wt: 0.26249 g Spike wt: 0.14000 g Spike: Lu-Hf-9.2   
         
14-May-08 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 9.760192 29/30 0.102457  3.634 
   
± 
0.000898  ± 0.000009  50 uL/min 
  
   
    
12-May-08 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.282864 1.481896 0.747549 2.131986 71 
   
± 
0.000005 ± 0.000024 ± 0.000020 
± 
0.000076   
  beta factor   -1.68285    
  
fractionation 
corrected 0.285579 1.467904 0.733526 2.072223   
  spike corrected 0.285600 1.467298 0.732501 1.886660   
  bias adjusted 0.285603 1.467166     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu 
interference corr 0.285588 -0.000004     
         
  Lu ppm =  3.088  Hf ppm = 0.5388   
         
  176Hf/177Hf = 0.285588  176Lu/177Hf = 0.813403   
   ± 5   ± 1627   
   today= 99.60 using 0.282772   
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Epsilon Hf 
   0 Ma= 99.60  1.867E-11   
    ± 193156.54  0.03320   
         
              
  176 Hf intensity = 0.729 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.000077 0.000008 176/177 bias 1.000010   
  173Yb/177Hf = 0.000009 0.000007 178/177 bias 0.999910   
  182W/177Hf = 0.002215  180/177 bias 0.999887   
     Nebulizer:   LF 50ml   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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SS07FM-11Fgt6 
Lu-Hf data             
Date Sample Number Sample Type  Location   
11-Jun-08 SS07FM-11F gt 6 garnet   Funeral Mountains 
         
Sample wt: 0.26423 g Spike wt: 0.17948 g Spike: Lu-Hf-9.2   
         
14-May-08 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 8.899806 26 0.112362  3.241 
   
± 
0.000872  ± 0.000011  50 uL/min 
  
   
    
12-May-08 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.281635 1.481205 0.746764 2.086966 72 
   
± 
0.000005 ± 0.000012 ± 0.000011 
± 
0.000029   
  beta factor   -1.61726    
  fractionation corrected 0.284233 1.467762 0.733297 2.030705   
  spike corrected 0.284248 1.467292 0.732501 1.886660   
  bias adjusted 0.284251 1.467160     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.284251 -0.000010     
         
  Lu ppm =  3.478  Hf ppm = 0.8839   
         
  176Hf/177Hf = 0.284251  176Lu/177Hf 
= 
0.558386   
   ± 5   ± 1117   
  Epsilon Hf today= 52.30 using 0.282772   
236 
 
   0 Ma= 52.30  1.867E-11   
    ± 183609.28  0.03320   
         
              
  176 Hf intensity = 0.889 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.000003 0.000000 176/177 bias 1.000010   
  173Yb/177Hf = 0.000000 0.000000 178/177 bias 0.999910   
  182W/177Hf = 0.001919  180/177 bias 0.999887   
     Nebulizer:   LF 50ml   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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SS07FM-11Fgt7 
 
 
Lu-Hf 
data     
Date Sample Number Sample Type  Location  
11-Jun-08 SS07FM-11 gt7 Garnet  Funeral Mountains 
       
Sample wt: 0.27021 g Spike wt: 0.15711 g Spike: Lu-Hf-9.2  
       
20-May-08 Lu ratio 175/176 n 176/175  175 Lu intensity 
 Measured 10.763567 27/30 0.092906  1.310 
  
± 
0.001765  ± 0.000015  50 uL/min 
 
   
   
20-May-08 Hf Ratios 176/177 178/177 179/177 180/177 n 
 Measured 0.282776 1.482034 0.747682 2.141231 70 
  
± 
0.000010 ± 0.000028 ± 0.000019 
± 
0.000065  
 beta factor   -1.69293   
 
fractionation 
corrected 0.285507 1.467958 0.733574 2.080811  
 spike corrected 0.285529 1.467324 0.732502 1.886660  
 bias adjusted 0.285526 1.467187    
 TRUE  1.467170 0.7325 1.88666  
 
Yb and Lu 
interference corr 0.285455 0.000017    
       
 Lu ppm = 3.851  Hf ppm = 0.5614  
       
 176Hf/177Hf = 0.285455  176Lu/177Hf 
= 
0.973704  
  ± 10   ± 1947  
238 
 
       
 
 
 
Epsilon Hf 
today= 94.89 using 0.282772  
  0 Ma= 94.89  1.867E-11  
   ± 351765.78  0.03320  
       
       
 176 Hf intensity = 0.201 V interference 
contrib Hf ratio correction factors  
 175Lu/177Hf = 0.000375 0.000035 176/177 bias 0.999990  
 173Yb/177Hf = 0.000047 0.000036 178/177 bias 0.999907  
 182W/177Hf = 0.002107  180/177 bias 0.999865  
    Nebulizer: LF 50ml  
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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SS07FM-11Fgt8 
Lu-Hf 
data             
Date Sample Number Sample Type  Location   
11-Jun-08 SS07FM-11 gt8 Garnet   Funeral Mountains 
         
Sample wt: 0.27202 g Spike wt: 0.15436 g Spike: Lu-Hf-9.2   
         
20-May-08 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 1.090703 29/30 0.916840  10.911 
   
± 
0.000052  ± 0.000044  50 uL/min 
  
   
    
20-May-08 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.281972 1.481576 0.747112 2.079708 70 
   
± 
0.000011 ± 0.000026 ± 0.000019 
± 
0.000053   
  beta factor   -1.66448    
  fractionation corrected 0.284649 1.467739 0.733249 2.021991   
  spike corrected 0.284664 1.467297 0.732502 1.886660   
  bias adjusted 0.284661 1.467161     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.284034 -0.000009     
         
  Lu ppm =  0.277  Hf ppm = 0.7861   
         
  176Hf/177Hf = 0.284034  176Lu/177Hf 
= 
0.049949   
   ± 11   ± 100   
  Epsilon Hf today= 44.62 using 0.282772   
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   0 Ma= 44.62  1.867E-11   
    ± 397093.38  0.03320   
         
              
  176 Hf intensity = 0.157 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.000524 0.000481 176/177 bias 0.999990   
  173Yb/177Hf = 0.000196 0.000151 178/177 bias 0.999907   
  182W/177Hf = 0.001381  180/177 bias 0.999865   
     Nebulizer:   LF 50ml   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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SS07FM-11F-WR 
Lu-Hf data             
Date Sample Number Sample Type  Location   
23/1/2008 SS07FM-11F-WR Whole rock   Funeral Mountains, Death Valley 
         
Sample wt: 0.25015 g Spike wt: 0.21424 g Spike: Lu-Hf-6   
         
18-Feb-04 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 6.339827 10990 0.157733  3.315 
   
± 
0.000596  ± 0.000015  
50 
uL/min 
  
   
    
20-Feb-04 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.279712 1.483036 0.749160 2.323711 71/74 
   
± 
0.000005 ± 0.000010 ± 0.000016 ± 0.000018   
  beta factor   -1.75133    
  fractionation corrected 0.282507 1.468467 0.734542 2.255992   
  spike corrected 0.282546 1.467261 0.732501 1.886660   
  bias adjusted 0.282548 1.467167     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.282538 -0.000003     
         
  Lu ppm =  4.105  Hf ppm = 7.1138   
         
  176Hf/177Hf = 0.282538  176Lu/177Hf 
= 
0.081870   
   ± 5   ± 164   
  
 
 
today= -8.29 using 0.282772   
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Epsilon Hf 
   0 Ma= -8.29  1.867E-11   
    ± 176667.29  0.03320   
         
              
  176 Hf intensity = 1.423 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.000009 0.000001 176/177 bias 1.000009   
  173Yb/177Hf = 0.000012 0.000009 178/177 bias 0.999936   
  182W/177Hf = 0.007185  180/177 bias 0.999895   
     Nebulizer:   Aridus   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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SS07FM-11F-WR BO 
Lu-Hf 
data             
Date Sample Number Sample Type  Location   
11-Jun-08 SS07FM-11F WR Bomb Whole rock   Funeral Mountains 
         
Sample wt: 0.23678 g Spike wt: 0.13960 g Spike: Lu-Hf-7   
         
14-May-08 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 2.482289 27/30 0.402854  0.999 
   
± 
0.000616  ± 0.000100  50 uL/min 
  
   
    
12-May-08 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.279255 1.482487 0.748357 2.211057 70 
   
± 
0.000006 ± 0.000020 ± 0.000011 
± 
0.000040   
  beta factor   -1.72854    
  fractionation corrected 0.282008 1.468112 0.733942 2.147437   
  spike corrected 0.282035 1.467261 0.732501 1.886660   
  bias adjusted 0.282047 1.467165     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.282040 -0.000005     
         
  Lu ppm =  0.556  Hf ppm = 10.2021   
         
  176Hf/177Hf = 0.282040  176Lu/177Hf 
= 
0.007732   
   ± 6   ± 15   
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Epsilon Hf 
today= -25.88 using 0.282772   
   0 Ma= -25.88  1.867E-11   
    ± 198145.93  0.03320   
         
              
  176 Hf intensity = 0.536 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = -0.000013 0.000000 
176/177 
bias 1.000042   
  173Yb/177Hf = 0.000009 0.000007 178/177 bias 0.999935   
  182W/177Hf = 0.002067  180/177 bias 0.999892   
     Nebulizer:   LF 50ml   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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Appendix D: Lu-Hf garnet and whole rock analyses data for sample from East of Chloride Cliff, Funeral Mountains, Death Valley, Southeast 
California 
SS07FM-8Dgt2.1 
Date Sample Number Sample Type  Location   
23/1/2008 SS07FM8D-gt2.1   Garnet   East of Chloride Cliff 
Sample 
wt: 0.23506 g Spike wt: 0.15072 g Spike: Lu-Hf-9.2   
   
 
     
19-Feb-08 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 14.250495 29/30 0.070173  6.707 
   
± 
0.002508  ± 0.000012  
50 
uL/min 
  
   
    
21-Feb-08 Hf ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.324212 1.488229 0.757708 3.807116 70/75 
   
± 
0.000045 ± 0.000100 ± 0.000070 ± 0.000312   
  beta factor   -1.80446    
  fractionation corrected 0.327550 1.473169 0.742481 3.692879   
  spike corrected 0.327955 1.467274 0.732502 1.886660   
  bias adjusted 0.327958 1.467180 
  
  
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.327680 0.000010     
 
 246 
 
  Lu ppm =  6.462  Hf ppm = 0.0668   
                       176Hf/177Hf = 0.327680  
176Lu/177Hf
= 
13.842583   
   ± 45   ± 27685   
         
  Epsilon Hf today= 1588.13 using 0.282772   
   0 Ma= 1588.13  1.867E-11   
      0.03320   
         
  176 Hf intensity = 0.024 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.000257 0.000018 176/177 bias 1.000009   
  173Yb/177Hf = 0.000339 0.000261 178/177 bias 0.999936   
  182W/177Hf = 0.012811  180/177 bias 0.999895   
     Nebulizer:   Aridus   
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SS07FM-8Dgt 2.2 
Date Sample Number Sample Type  Location   
24-Aug-08 SS07FM-8D gt2.2 Garnet   East of Chloride Cliff 
Sample wt: 0.26758 g Spike wt: 0.15225 g Spike: Lu-Hf-9.2   
20-May-08 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 13.807768 29/30 0.072423  24.390 
   
± 
0.000608  ± 0.000003  
50 
uL/min 
  
   
    
20-May-08 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.284536 1.481549 0.747249 2.142489 72/75 
   
± 
0.000012 ± 0.000032 ± 0.000017 
± 
0.000043   
  beta factor   -1.63943    
  fractionation corrected 0.287196 1.467920 0.733591 2.083908   
  spike corrected 0.287219 1.467276 0.732502 1.886660   
  bias adjusted 0.287216 1.467139     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.287136 -0.000031     
         
       Lu ppm =  5.453  Hf ppm = 0.5409   
         
  
                     
176Hf/177Hf = 0.287136  176Lu/177Hf= 1.431396   
   ± 12   ± 2863   
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  Epsilon Hf today= 154.34 using 0.282772 
   0 Ma= 154.34  1.867E-11 
    ± 407566.02  0.03320 
       
  176 Hf intensity = 0.138 V interference 
contrib Hf ratio correction factors 
  175Lu/177Hf = 0.000298 0.000022 176/177 bias 0.999990 
  173Yb/177Hf = 0.000076 0.000058 178/177 bias 0.999907 
  182W/177Hf = 0.001156  180/177 bias 0.999865 
     Nebulizer:   LF 50ml 
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SS07FM-8Dgt 3.1 
Date Sample Number Sample Type  Location   
23/1/2008 SS07FM-8D gt3.1   Garnet   East of Chloride Cliff 
         
Sample wt: 0.25624 g Spike wt: 0.07569 g Spike: Lu-Hf-9.2   
         
19-Feb-08 Lu ratio 175/176 n 176/175  
175 
Lu 
intensity 
  Measured 22.147413 28/30 0.045152  7.041 
   ± 0.005094  ± 0.000010  50 
uL/min 
  
   
    
21-Feb-08 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.324288 1.484924 0.751362 2.722726 73/75 
   ± 0.000086 ± 0.000126 ± 0.000146 ± 0.000359   
  beta factor   -1.75370    
  fractionation corrected 0.327532 1.470317 0.736682 2.643276   
  spike corrected 0.327702 1.467849 0.732502 1.886660   
  bias adjusted 0.327705 1.467755     
  TRUE  1.467170 0.7325 1.88666   
  Lu ppm =  6.984  Hf ppm = 0.0736   
  176Hf/177Hf = 0.327010  176Lu/177Hf= 13.565233   
   ± 86   ± 27130   
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  Epsilon Hf today= 1564.44 using 0.282772   
   0 Ma= 1564.44  1.867E-11   
      0.03320   
         
  176 Hf intensity = 0.014 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.004391 0.000198 176/177 bias 1.000009   
  173Yb/177Hf = 0.000648 0.000499 178/177 bias 0.999936   
  182W/177Hf = 0.006836  180/177 bias 0.999895   
     Nebulizer:   Aridus   
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SS07FM-8Dgt 4.1 
Date Sample Number Sample Type  Location   
23/1/2008 SS07FM-8D gt 4.1   Garnet   East of Chloride Cliff 
Sample 
wt: 0.26894 g Spike wt: 0.08777 g Spike: Lu-Hf-9.2   
         
18-Feb-04 Lu ratio 175/176 n 176/175  
175 
Lu 
intensity 
  Measured 21.226916 30/30 0.047110  7.497 
   
± 
0.005646  ± 0.000013  
50 
uL/min 
  
   
    
21-Feb-08 Hf ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.323051 1.485215 0.752544 2.823660 74/75 
   
± 
0.000062 ± 0.000113 ± 0.000072 ± 0.000442   
  beta factor   -1.83050    
  fractionation corrected 0.326425 1.469969 0.737203 2.737726   
  spike corrected 0.326613 1.467191 0.732502 1.886660   
  bias adjusted 0.326616 1.467098     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.326116 -0.000072     
  Lu ppm =  6.981  Hf ppm = 0.0723   
         
  
                     
176Hf/177Hf = 0.326116  176Lu/177Hf= 13.808570   
   ± 62   ± 27617   
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  Epsilon Hf today= 1532.82 using 0.282772   
   0 Ma= 1532.82  1.867E-11   
      0.03320   
         
  176 Hf intensity = 0.024 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.000731 0.000034 176/177 bias 1.000009   
  173Yb/177Hf = 0.000607 0.000466 178/177 bias 0.999936   
  182W/177Hf = 0.006228  180/177 bias 0.999895   
     Nebulizer:   Aridus   
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SS07FM-8Dgt 4.2 
Date Sample Number Sample Type  Location     
24-Aug-08 SS07FM-8D gt4.2 Garnet   East of Chloride Cliff 
Sample wt: 0.26127 g Spike wt: 0.15167 g Spike: Lu-Hf-9.2   
         
24-Jan-07 Lu ratio 175/176 n 176/175  
175 
Lu 
intensity 
  Measured 14.620738 28/30 0.068396  13.072 
   ± 0.000790  ± 0.000004  50 
uL/min 
  
   
    
20-May-08 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.285421 1.481743 0.747427 2.164257 70/75 
   ± 0.000018 ± 0.000058 ± 0.000031 ± 0.000078   
  beta factor   -1.64649    
  fractionation corrected 0.288101 1.468053 0.733707 2.104831   
  spike corrected 0.288127 1.467341 0.732502 1.886660   
  bias adjusted 0.288124 1.467205     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.287959 0.000035     
  Lu ppm =  6.099  Hf ppm = 0.4990   
 176Hf/177Hf = 0.287959  176Lu/177Hf= 1.735788   
   ± 18   ± 3472   
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  Epsilon Hf today= 183.42 using 0.282772   
   0 Ma= 183.42  1.867E-11   
    ± 634794.66  0.03320   
         
              
  176 Hf intensity = 0.059 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.000204 0.000014 176/177 bias 0.999990   
  173Yb/177Hf = 0.000197 0.000152 178/177 bias 0.999907   
  182W/177Hf = 0.000940  180/177 bias 0.999865   
     Nebulizer:   LF 50ml   
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SS07FM-8DWR (Savillax) 
Date  Sample Number    Sample Type    Location   
23/1/2008 SS07FM-8D WR   Whole rock   East of Chloride Cliff 
         
Sample wt: 0.24578 g Spike wt: 0.08642 g Spike: Lu-Hf-6D   
19-Feb-08 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 18.481897 29/30 0.054107  0.971 
   ± 0.007504  ± 0.000022  50 
uL/min 
  
   
    
21-Feb-08 Hf ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.284365 1.486387 0.754731 3.297485 71/75 
   ± 0.000011 ± 0.000039 ± 0.000019 ± 0.000067   
  beta factor   -1.78122    
  fractionation corrected 0.287255 1.471538 0.739757 3.199787   
  spike corrected 0.287410 1.467252 0.732502 1.886660   
  bias adjusted 0.287412 1.467158     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.287221 -0.000012     
         
  Lu ppm =  0.783  Hf ppm = 0.0799   
  176Hf/177Hf = 0.287221  176Lu/177Hf= 1.391266   
   ± 11   ± 2783   
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  Epsilon Hf today= 157.35 using 0.282772   
   0 Ma= 157.35  1.867E-11   
    ± 385158.14  0.03320   
         
              
  176 Hf intensity = 0.113 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.001716 0.000093 176/177 bias 1.000009   
  173Yb/177Hf = 0.000129 0.000099 178/177 bias 0.999936   
  182W/177Hf = 0.059862  180/177 bias 0.999895   
     Nebulizer:   Aridus   
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SS07FM-8DWR (Bomb) 
Date Sample Number  Sample Type  Location 
  
11-Jun-08 SS07FM-8D WR Bomb Whole rock bomb East of Chloride Cliff 
Sample wt: 0.24905 g Spike wt: 0.12014 g Spike: Lu-Hf-6   
         
24-Jan-07 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 6.931440 25 0.144270  1.886 
   
± 
0.000569  ± 0.000012  
50 
uL/min 
  
   
    
07-Jan-07 Hf ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.280547 1.483046 0.750301 2.786441 70 
   
± 
0.000008 ± 0.000018 ± 0.000014 
± 
0.000073   
  beta factor   -1.58169    
  fractionation corrected 0.283077 1.469882 0.737067 2.712964   
  spike corrected 0.283166 1.467185 0.732502 1.886660   
  bias adjusted 0.283177 1.467090     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.283156 -0.000080     
         
  Lu ppm =  2.577  Hf ppm = 1.7890   
  176Hf/177Hf = 0.283156  176Lu/177Hf= 0.204402   
   ± 8   ± 409   
  Epsilon Hf today= 13.59 using 0.282772   
   0 Ma= 13.59  1.867E-11   
    ± 297639.55  0.03320   
         
              
258 
  176 Hf intensity = 0.062 V interference 
contrib 
Hf ratio correction factors   
  175Lu/177Hf = 0.000041 0.000006 176/177 bias 1.000042   
  173Yb/177Hf = 0.000020 0.000015 178/177 bias 0.999935   
  182W/177Hf = 0.002067  180/177 bias 0.999892   
     Nebulizer:   LF 50ml   
Notes: For all samples, 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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Appendix E: Lu-Hf garnet and whole rock analyses data for sample from Chloride Cliff, Funeral Mountains, Death Valley, Southeast California 
 
MB07FM6-gt1.1 
Lu-Hf data           
Date Sample Number Sample Type  Location   
2-Sep-10 MB6 FM07- gt 1.1 type   Location   
         
Sample 
wt: 
0.27468 g Spike wt: 0.02715 g Spike: Lu-Hf-6   
         
30-Jun-08 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 1.472187 28 0.679261  0.506 
   
± 
0.000143  ± 0.000066  50 uL/min 
  
   
    
08-Jul-08 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.279810 1.484010 0.750737 2.578210 73 
   
± 
0.000006 ± 0.000021 ± 0.000018 
± 
0.000083   
  beta factor   -1.77386    
  
fractionation 
corrected 0.282642 1.469245 0.735902 2.502117   
  spike corrected 0.282707 1.467236 0.732502 1.886660   
  bias adjusted 0.282714 1.467154     
  TRUE  1.467170 0.7325 1.88666   
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Yb and Lu interference 
corr 
0.281996 -0.000016     
         
  Lu ppm =  0.094  Hf ppm = 0.4924   
         
  176Hf/177Hf = 0.281996  176Lu/177Hf 
= 
0.02722   
   
± 
0.000006   
± 
0.00005   
         
  Epsilon Hf today= -27.45 using 0.282772   
   0 Ma= -27.45  1.940E-11   
    ± 0.20  0.03320   
         
              
  176 Hf intensity = 0.860 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.000953 0.000647 176/177 bias 1.000027   
  173Yb/177Hf = 0.000101 0.000078 178/177 bias 0.999944   
  182W/177Hf = 0.000129  180/177 bias 0.999891   
     Nebulizer:   LF 50ml   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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MB07FM6-gt2.2 
Lu-Hf data           
Date Sample Number Sample Type  Location   
2-Sep-10 MB6 FM07 gt2.2 type   Location   
         
Sample wt: 0.26168 g Spike wt: 0.03539 g Spike: Lu-Hf-6   
         
30-Jun-08 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 1.238234 27 0.807602  1.035 
   
± 
0.000074  ± 0.000048  50 uL/min 
  
   
    
08-Jul-08 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.279623 1.483964 0.750652 2.565783 72 
   
± 
0.000004 ± 0.000013 ± 0.000010 
± 
0.000029   
  beta factor   -1.77179    
  fractionation corrected 0.282450 1.469217 0.735836 2.490144   
  spike corrected 0.282513 1.467247 0.732502 1.886660   
  bias adjusted 0.282521 1.467165     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.282520 -0.000005     
  Lu ppm =  0.108  Hf ppm = 0.6871   
         
  176Hf/177Hf = 0.282520  176Lu/177Hf 
= 
0.02226   
   
± 
0.000004   
± 
0.00004   
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  Epsilon Hf today= -8.93 using 0.282772   
   0 Ma= -8.93  1.940E-11   
    ± 0.15  0.03320   
         
              
  176 Hf intensity = 0.819 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.000000 0.000000 176/177 bias 1.000027   
  173Yb/177Hf = 0.000001 0.000001 178/177 bias 0.999944   
  182W/177Hf = 0.000136  180/177 bias 0.999891   
     Nebulizer:   LF 50ml   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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MB07FM6-gt3.1 
Lu-Hf data           
Date Sample Number Sample Type  Location   
2-Sep-10 MB 6 FM07 gt3.1 type   Location   
         
Sample wt: 0.24937 g Spike wt: 0.02912 g Spike: Lu-Hf-6   
         
30-Jun-08 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 1.294429 30 0.772541  0.384 
   
± 
0.000148  ± 0.000088  50 uL/min 
  
   
    
08-Jul-08 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.279616 1.484020 0.750788 2.599516 71 
   
± 
0.000004 ± 0.000013 ± 0.000010 
± 
0.000035   
  beta factor   -1.76588    
  fractionation corrected 0.282433 1.469321 0.736018 2.523134   
  spike corrected 0.282500 1.467244 0.732502 1.886660   
  bias adjusted 0.282507 1.467161     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.282492 -0.000009     
         
  Lu ppm =  0.098  Hf ppm = 0.5624   
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  176Hf/177Hf = 0.282492  176Lu/177Hf 
= 
0.02460   
   
± 
0.000004   
± 
0.00005   
         
  Epsilon Hf today= -9.92 using 0.282772   
   0 Ma= -9.92  1.940E-11   
    ± 0.14  0.03320   
         
              
  176 Hf intensity = 0.839 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.000005 0.000004 176/177 bias 1.000027   
  173Yb/177Hf = 0.000015 0.000012 178/177 bias 0.999944   
  182W/177Hf = 0.000298  180/177 bias 0.999891   
     Nebulizer:   LF 50ml   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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MB07FM6-gt4.1 
Lu-Hf data           
Date Sample Number Sample Type  Location   
2-Sep-10 MB6 FM07 gt4.1 type   Location   
         
Sample wt: 0.26391 g Spike wt: 0.03731 g Spike: Lu-Hf-6   
         
30-Jun-08 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 1.219738 26 0.819848  0.444 
   
± 
0.000091  ± 0.000061  50 uL/min 
  
   
    
08-Jul-08 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.279889 1.483987 0.750915 2.673647 72 
   
± 
0.000004 ± 0.000012 ± 0.000007 
± 
0.000027   
  beta factor   -1.73194    
  fractionation corrected 0.282654 1.469569 0.736424 2.596569   
  spike corrected 0.282729 1.467252 0.732502 1.886660   
  bias adjusted 0.282737 1.467170     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.282535 0.000000     
         
  Lu ppm =  0.111  Hf ppm = 0.6104   
  176Hf/177Hf = 0.282535  176Lu/177Hf 
= 
0.02579   
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± 
0.000004   
± 
0.00005   
         
  Epsilon Hf today= -8.38 using 0.282772   
   0 Ma= -8.38  1.940E-11   
    ± 0.14  0.03320   
         
              
  176 Hf intensity = 0.849 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.000211 0.000173 176/177 bias 1.000027   
  173Yb/177Hf = 0.000040 0.000030 178/177 bias 0.999944   
  182W/177Hf = 0.000200  180/177 bias 0.999891   
     Nebulizer:   LF 50ml   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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MB07FM6-WR.Bomb 
Lu-Hf data           
Date Sample Number Sample Type  Location   
2-Sep-10 MB07 FM6 WR-B type   Location   
         
Sample wt: 0.26735 g Spike wt: 0.10469 g Spike: Lu-Hf-7   
         
30-Jun-08 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 3.461360 29 0.288904  2.060 
   
± 
0.000205  ± 0.000017  50 uL/min 
  
   
    
08-Jul-08 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.279601 1.483594 0.749923 2.405967 72 
   
± 
0.000006 ± 0.000020 ± 0.000014 
± 
0.000058   
  beta factor   -1.78945    
  fractionation corrected 0.282456 1.468704 0.734975 2.334345   
  spike corrected 0.282503 1.467243 0.732501 1.886660   
  bias adjusted 0.282510 1.467160     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.282511 -0.000010     
         
  Lu ppm =  0.531  Hf ppm = 3.9454   
         
  176Hf/177Hf = 0.282511  176Lu/177Hf 0.01908   
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= 
   
± 
0.000006   
± 
0.00004   
         
  Epsilon Hf today= -9.22 using 0.282772   
   0 Ma= -9.22  1.940E-11   
    ± 0.21  0.03320   
         
              
  176 Hf intensity = 0.718 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = -0.000008 -0.000002 176/177 bias 1.000027   
  173Yb/177Hf = 0.000002 0.000001 178/177 bias 0.999944   
  182W/177Hf = 0.001727  180/177 bias 0.999891   
     Nebulizer:   LF 50ml   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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Appendix F: Lu-Hf garnet and whole rock analyses data for sample from Monarch Canyon, Funeral Mountains, Death Valley, Southeast California 
 
MB08FM-gt1 
Lu-Hf 
data             
Date Sample Number Sample Type  Location   
16-May-08 MB08FM-1 gt1 Garnet   Funeral Mountains 
         
Sample wt: 0.25302 g Spike wt: 0.18747 g Spike: Lu-Hf-9.2   
         
24-Jan-07 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 11.045592 26 0.090534  4.578 
   
± 
0.000971  ± 0.000008  50 uL/min 
  
   
    
07-Jan-07 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.309245 1.487818 0.757326 3.811094 70 
   
± 
0.000065 ± 0.000144 ± 0.000076 
± 
0.002167   
  beta factor   -1.75504    
  fractionation corrected 0.312341 1.473173 0.742519 3.699783   
  spike corrected 0.312675 1.467256 0.732502 1.886660   
  bias adjusted 0.312678 1.467124     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.312213 -0.000046     
         
  Lu ppm =  5.089  Hf ppm = 0.0767   
         
  176Hf/177Hf = 0.312213  176Lu/177Hf 
= 
9.471006   
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   ± 65   ± 18942   
         
  Epsilon Hf today= 1041.16 using 0.282772   
   0 Ma= 1041.16  1.867E-11   
    ##########  0.03320   
         
              
  176 Hf intensity = 0.021 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.001087 0.000098 176/177 bias 1.000010   
  173Yb/177Hf = 0.000478 0.000367 178/177 bias 0.999910   
  182W/177Hf = 0.002053  180/177 bias 0.999887   
     Nebulizer:   LF 50ml   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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MB08FM-gt2 
Lu-Hf data             
Date Sample Number Sample Type  Location   
16-May-08 MB08FM-1 gt2 Garnet   Funeral Mountains 
         
Sample wt: 0.25780 g Spike wt: 0.20609 g Spike: Lu-Hf-9.2   
         
24-Jan-07 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 11.045592 26 0.090534  4.578 
   
± 
0.000971  ± 0.000008  50 uL/min 
  
   
    
07-Jan-07 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.312590 1.490207 0.761129 4.586954 67 
   
± 
0.000167 ± 0.000186 ± 0.000145 
± 
0.011954   
  beta factor   -1.70087    
  fractionation corrected 0.315622 1.475990 0.746703 4.457050   
  spike corrected 0.316120 1.467603 0.732503 1.886660   
  bias adjusted 0.316123 1.467471     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.314855 0.000301     
         
  Lu ppm =  5.491  Hf ppm = 0.0583   
         
  176Hf/177Hf = 0.314855  176Lu/177Hf 
= 
13.453598   
   ± 167   ± 26907   
         
  Epsilon Hf today= 1134.59 using 0.282772   
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   0 Ma= 1134.59  1.867E-11   
    ##########  0.03320   
         
              
  176 Hf intensity = 0.010 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.006305 0.000571 176/177 bias 1.000010   
  173Yb/177Hf = 0.000912 0.000703 178/177 bias 0.999910   
  182W/177Hf = 0.002783  180/177 bias 0.999887   
     Nebulizer:   LF 50ml   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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MB08FM-gt3 
Lu-Hf 
data             
Date Sample Number Sample Type  Location   
16-May-08 MB08FM-1 gt3 Garnet   Funeral Mountains 
         
Sample wt: 0.24636 g Spike wt: 0.14443 g Spike: Lu-Hf-9.2   
         
24-Jan-07 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 10.765074 26 0.092893  4.345 
   
± 
0.000652  ± 0.000006  50 uL/min 
  
   
    
07-Jan-07 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.325185 1.488098 0.757944 3.988358 67 
   
± 
0.000131 ± 0.000199 ± 0.000165 
± 
0.002238   
  beta factor   -1.71191    
  fractionation corrected 0.328360 1.473809 0.743486 3.874682   
  spike corrected 0.328811 1.467321 0.732503 1.886660   
  bias adjusted 0.328814 1.467189     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.325806 0.000019     
         
  Lu ppm =  3.884  Hf ppm = 0.0555   
         
  176Hf/177Hf = 0.325806  176Lu/177Hf 
= 
10.019612   
   ± 131   ± 20039   
  Epsilon Hf today= 1521.86 using 0.282772   
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   0 Ma= 1521.86  1.867E-11   
    ##########  0.03320   
         
              
  176 Hf intensity = 0.008 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.024232 0.002251 176/177 bias 1.000010   
  173Yb/177Hf = 0.001012 0.000779 178/177 bias 0.999910   
  182W/177Hf = 0.005631  180/177 bias 0.999887   
     Nebulizer:   LF 50ml   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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MB08FM-gt4 
Lu-Hf 
data             
Date Sample Number Sample Type  Location   
16-May-08 MB08FM-1gt4 garnet   Funeral Mountains 
         
Sample wt: 0.25613 g Spike wt: 0.13553 g Spike: Lu-Hf-9.2   
         
24-Jan-07 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 13.994732 22 0.071455  4.863 
   
± 
0.001000  ± 0.000005  50 uL/min 
  
   
    
07-Jan-07 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.315350 1.489748 0.760830 4.509197 66 
   
± 
0.000036 ± 0.000081 ± 0.000058 
± 
0.000232   
  beta factor   -1.71644    
  fractionation corrected 0.318437 1.475406 0.746280 4.380348   
  spike corrected 0.318938 1.467267 0.732503 1.886660   
  bias adjusted 0.318942 1.467135     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.318587 -0.000035     
         
  Lu ppm =  5.180  Hf ppm = 0.0398   
         
  176Hf/177Hf = 0.318587  176Lu/177Hf 
= 
18.598898   
   ± 36   ± 37198   
  Epsilon Hf today= 1266.58 using 0.282772   
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   0 Ma= 1266.58  1.867E-11   
    ##########  0.03320   
         
              
  176 Hf intensity = 0.026 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.000643 0.000046 176/177 bias 1.000010   
  173Yb/177Hf = 0.000401 0.000309 178/177 bias 0.999910   
  182W/177Hf = 0.005211  180/177 bias 0.999887   
     Nebulizer:   LF 50ml   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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MB08FM-WR 
Lu-Hf data             
Date Sample Number Sample Type  Location   
16-May-08 MB08FM-1 WR Whole rock   Funeral Mountains 
         
Sample wt: 0.27353 g Spike wt: 0.26361 g Spike: Lu-Hf-6   
         
24-Jan-07 Lu ratio 175/176 n 176/175  175 Lu intensity 
  Measured 15.129718 24 0.066095  2.200 
   
± 
0.001768  ± 0.000008  50 uL/min 
  
   
    
07-Jan-07 Hf Ratios 176/177 178/177 179/177 180/177 n 
  Measured 0.291780 1.506629 0.791324 10.014241 70 
   
± 
0.000183 ± 0.000338 ± 0.000496 
± 
0.089659   
  beta factor   -1.76370    
  fractionation corrected 0.294714 1.491734 0.775786 9.720502   
  spike corrected 0.295811 1.466143 0.732507 1.886660   
  bias adjusted 0.295814 1.466011     
  TRUE  1.467170 0.7325 1.88666   
  
Yb and Lu interference 
corr 
0.294892 -0.001159     
         
  Lu ppm =  15.345  Hf ppm = 0.3709   
         
  176Hf/177Hf = 0.294892  176Lu/177Hf 
= 
5.884200   
   ± 183   ± 11768   
         
  Epsilon Hf today= 428.62 using 0.282772   
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   0 Ma= 428.62  1.867E-11   
    ##########  0.03320   
         
              
  176 Hf intensity = 0.010 V interference 
contrib Hf ratio correction factors   
  175Lu/177Hf = 0.001673 0.000111 176/177 bias 1.000010   
  173Yb/177Hf = 0.001055 0.000812 178/177 bias 0.999910   
  182W/177Hf = 0.330871  180/177 bias 0.999887   
     Nebulizer:   LF 50ml   
Notes: 176Hf/177Hf value represents value corrected for interference (using beta factors to correct interferences) 
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Appendix G: Nevada Isotope Geochronology Laboratory - Description and Procedures 
Samples analyzed by the 40Ar/39Ar method at the University of Nevada Las Vegas were wrapped in Al 
foil and stacked in 6 mm inside diameter sealed fused silica tubes.  Individual packets averaged 3 mm thick 
and neutron fluence monitors (FC-2, Fish Canyon Tuff sanidine) were placed every 5-10 mm along the 
tube.  Synthetic K-glass and optical grade CaF2 were included in the irradiation packages to monitor 
neutron induced argon interferences from K and Ca.  Loaded tubes were packed in an Al container for 
irradiation.  Samples irradiated at the Oregon State University Radiation Center were in-core for 7 hours in 
the In-Core Irradiation Tube (ICIT) of the 1 MW TRIGA type reactor.  Correction factors for interfering 
neutron reactions on K and Ca were determined by repeated analysis of K-glass and CaF2 fragments.  
Measured (40Ar/39Ar)K values were 1.72 (± 55.0%) x 10-2.  Ca correction factors were (36Ar/37Ar)Ca = 2.61 
(± 7.03%) x 10-4 and (39Ar/37Ar)
 Ca = 6.89 (± 1.32%) x 10-4.  J factors were determined by fusion of 4-8 
individual crystals of neutron fluence monitors which gave reproducibility’s of 0.14% to 0.42% at each 
standard position. Variation in neutron flux along the 100 mm length of the irradiation tubes was <4%.  An 
error in J of 0.89% was used in age calculations.  No significant neutron flux gradients were present within 
individual packets of crystals as indicated by the excellent reproducibility of the single crystal flux monitor 
fusions. 
Irradiated crystals together with CaF2 and K-glass fragments were placed in a Cu sample tray in a high 
vacuum extraction line and were fused using a 20 W CO2 laser.  Sample viewing during laser fusion was by 
a video camera system and positioning was via a motorized sample stage.  Samples analyzed by the furnace 
step heating method utilized a double vacuum resistance furnace similar to the Staudacher et al. (1978) 
design.  Reactive gases were removed by three GP-50 SAES getters prior to being admitted to a MAP 215-
50 mass spectrometer by expansion.  The relative volumes of the extraction line and mass spectrometer 
allow 80% of the gas to be admitted to the mass spectrometer for laser fusion analyses and 76% for furnace 
heating analyses.  Peak intensities were measured using a Balzers electron multiplier by peak hopping 
through 7 cycles; initial peak heights were determined by linear regression to the time of gas admission.  
Mass spectrometer discrimination and sensitivity was monitored by repeated analysis of atmospheric argon 
aliquots from an on-line pipette system.  Measured 40Ar/36Ar ratios were 286.47 ± 0.77% during this work, 
thus a discrimination correction of 1.03158 (4 AMU) was applied to measured isotope ratios.  The 
sensitivity of the mass spectrometer was ~6 x 10-17 mol mV-1 with the multiplier operated at a gain of 36 
over the Faraday.  Line blanks averaged 1.3 mV for mass 40 and 0.02 mV for mass 36 for laser fusion 
analyses and 27.85 mV for mass 40 and 0.10 mV for mass 36 for furnace heating analyses.  Discrimination, 
sensitivity, and blanks were relatively constant over the period of data collection.  Computer automated 
operation of the sample stage, laser, extraction line and mass spectrometer as well as final data reduction 
and age calculations were done using LabSPEC software written by B. Idleman (Lehigh University).  An 
age of 27.9 Ma (Steven et al., 1967; Cebula et al., 1986) was used for the Fish Canyon Tuff sanidine flux 
monitor in calculating ages for samples. 
For 40Ar/39Ar analyses a plateau segment consists of 3 or more contiguous gas fractions having 
analytically indistinguishable ages (i.e. all plateau steps overlap in age at  ± 2σ analytical error) and 
comprising a significant portion of the total gas released (typically >50%).  Total gas (integrated) ages are 
calculated by weighting by the amount of 39Ar released, whereas plateau ages are weighted by the inverse 
of the variance.  For each sample inverse isochron diagrams are examined to check for the effects of excess 
argon.  Reliable isochrons are based on the MSWD criteria of Wendt and Carl (1991) and, as for plateaus, 
must comprise contiguous steps and a significant fraction of the total gas released.  All analytical data are 
reported at the confidence level of 1σ (standard deviation). 
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Cebula, G.T., M.J. Kunk, H.H. Mehnert, C.W. Naeser, J.D. Obradovich, and J.F. Sutter, The Fish Canyon 
Tuff, a potential standard for the 40Ar-39Ar and fission-track dating methods (abstract), Terra 
Cognita (6th Int. Conf. on Geochronology, Cosmochronology and Isotope Geology), 6, 139, 1986. 
Staudacher, T.H., Jessberger, E.K., Dorflinger, D., and Kiko, J., A refined ultrahigh-vacuum furnace for 
rare gas analysis, J. Phys. E: Sci. Instrum., 11, 781-784, 1978. 
Steven, T.A., H.H. Mehnert, and J.D. Obradovich, Age of volcanic activity in the San Juan Mountains, 
Colorado, U.S. Geol. Surv. Prof. Pap., 575-D, 47-55, 1967. 
Wendt, I., and Carl, C., 1991, The statistical distribution of the mean squared weighted deviation, Chemical 
Geology, v. 86, p. 275-285. 
NOTE: Check your samples data sheets for the discrimination values used for each sample. 
Discrimination values used during your sample analyses are as follows: 
 
40Ar/36Ar  4 AMU discrimination 
286.47 ± 0.77 %  1.03158 
289.32 ± 1.16%  1.02150 
NOTE:  Each sample has a different J and error
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Appendix H - 40Ar/39Ar data tables 
Beyene-UNLV, MB07FM-20, muscovite, 1.70 mg, J = 0.001821 ± 0.89% 
4 amu discrimination = 1.0215 ± 1.16%, 40/39K = 0.01718 ± 55.2%, 36/37Ca = 0.0002613 ± 7.03%, 39/37Ca = 0.0006893 ± 1.32% 
     
  
 
           
  
Step T (C) 
t 
(min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd Ca/K 40Ar*/39ArK 
Age 
(Ma)  1s.d. 
1 500 12 0.342 0.146 0.866 1.797 216.01 58.3 0.6 0.8068  65.6928  203.85 4.82 
2 540 12 0.137 0.164 0.299 0.803 100.048 71.2 0.2 2.0289  76.1144  234.18 4.62 
3 600 12 0.136 1.441 0.286 2.234 276.502 90.9 0.7 6.4163  107.2763  321.92 5.28 
4 660 12 0.289 5.634 0.236 5.626 896.101 92.4 1.7 9.9720  145.9692  425.24 6.70 
5 720 12 0.825 4.105 0.381 15.012 2776.09 92.3 4.6 2.7170  170.4244  487.62 7.56 
6 780 12 0.717 0.463 0.514 29.401 6742.09 97.3 9.1 0.1564  223.5452  616.12 8.99 
7 820 12 0.244 0.324 0.713 52.415 21831.85 99.8 16.2 0.0614  417.3372  1019.84 13.27 
8 840 12 0.231 0.523 1.480 58.129 29924.78 99.9 17.9 0.0893  516.3019  1195.71 14.87 
9 860 12 0.227 0.503 0.589 43.603 22698.16 99.8 13.5 0.1145  521.8013  1205.00 14.95 
10 880 12 0.207 0.358 0.554 40.342 21040.07 99.8 12.5 0.0881  522.8205  1206.72 14.97 
11 900 12 0.156 0.401 0.347 25.405 12839.82 99.8 7.8 0.1567  506.4648  1178.98 14.77 
12 930 12 0.092 0.115 0.170 13.835 6548.81 100.0 4.3 0.0825  474.2896  1123.14 14.21 
13 980 12 0.104 0.127 0.121 8.951 4240.52 99.9 2.8 0.1409  473.5762  1121.88 14.21 
14 1060 12 0.118 0.131 0.140 10.111 4830.41 99.8 3.1 0.1286  477.4702  1128.73 14.32 
15 1150 12 0.106 0.133 0.114 7.342 3675.12 99.9 2.3 0.1799  499.9672  1167.84 14.64 
16 1400 12 0.148 0.127 0.139 8.931 4923.32 99.6 2.8 0.1412  550.1720  1252.17 15.38 
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Beyene-UNLV, MB07FM-22B, muscovite, 4.10 mg, J = 0.001577 ± 0.16% 
     
4 amu discrimination = 1.05174 ± 0.86%, 40/39K = 0.0109 ± 63.49%, 36/37Ca = 0.000243 ± 24.65%, 39/37Ca = 0.000605 ± 14.11%  
 
            
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) 
 1s.d. 
1 650 12 1.067 0.016 0.836 32.694 4433.64 93.7 5.5 127.547144 330.64 3.42 
2 720 12 1.049 0.017 0.770 40.59 8392.35 96.8 6.9 201.238086 497.25 4.84 
3 760 12 0.404 0.065 0.958 65.736 17641.94 99.5 11.1 268.969631 637.90 5.85 
4 790 12 0.244 0.037 0.875 62.294 24381.60 99.8 10.6 393.692626 871.28 7.53 
5 810 12 0.194 0.058 0.519 36.89 18358.53 99.8 6.3 500.502078 1049.65 8.67 
6 820 12 0.185 0.034 0.654 45.617 23137.75 99.9 7.7 510.485169 1065.45 8.77 
7 830 12 0.171 0.054 0.472 33.257 16741.77 99.9 5.6 506.335778 1058.90 8.81 
8 840 12 0.171 0.051 0.355 25.405 12593.29 99.8 4.3 498.124745 1045.86 8.65 
9 850 12 0.101 0.016 0.267 18.492 9004.13 99.9 3.1 489.625203 1032.27 8.56 
10 860 12 0.099 0.017 0.224 15.426 7254.59 99.9 2.6 472.577175 1004.69 8.37 
11 870 12 0.098 0.017 0.190 13.713 6249.96 99.9 2.3 457.733009 980.33 8.24 
12 880 12 0.097 0.021 0.173 12.148 5330.58 99.9 2.1 440.385317 951.44 8.06 
13 910 12 0.100 0.019 0.230 16.316 6921.17 99.9 2.8 426.172161 927.41 7.92 
14 950 12 0.118 0.014 0.319 21.987 8914.06 99.9 3.7 407.445568 895.26 7.67 
15 1000 12 0.176 0.043 0.441 31.089 12312.79 99.8 5.3 397.900006 878.65 7.66 
16 1050 12 0.162 0.043 0.446 31.961 12928.91 99.8 5.4 406.611650 893.82 7.66 
17 1100 12 0.154 0.040 0.338 49.957 15356.97 99.9 8.5 441.890845 953.96 8.07 
18 1170 12 0.193 0.048 0.540 26.388 14454.70 99.8 4.5 550.464878 1127.39 9.11 
19 1260 12 0.114 0.018 0.113 6.767 1769.05 99.7 1.1 258.932134 617.73 5.71 
20 1400 12 0.115 0.018 0.059 2.913 682.51 99.5 0.5 225.628697 549.17 6.26 
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MB07FM-23 muscovite, 7.00 mg, J = 0.001871 ± 0.85% 
4 amu discrimination = 1.01291 ± 0.70%, 40/39K = 0.01718 ± 55.2%, 36/37Ca = 0.0002613 ± 7.03%, 39/37Ca = 0.0006893 ± 1.32% 
 
              
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 650 12 1.184 0.841 1.144 20.575 2326.87 85.7 1.9 0.532141  96.4787  299.38 3.58 
2 730 12 0.443 0.959 0.693 46.208 7182.44 98.5 4.3 0.270170  153.1386  454.52 4.94 
3 790 12 0.583 0.520 1.390 103.881 22327.43 99.3 9.6 0.065159  213.8853  607.25 6.33 
4 830 12 0.409 0.878 1.263 90.813 41856.57 99.8 8.4 0.125853  460.8807  1121.81 10.24 
5 840 12 0.185 0.807 1.004 79.059 38161.64 99.9 7.3 0.132874  483.3813  1162.13 10.47 
6 850 12 0.100 0.081 0.740 61.372 26278.17 100.0 5.7 0.017180  429.0809  1063.23 9.94 
7 860 12 0.191 0.807 0.657 48.992 19008.46 97.8 4.5 0.214426  388.0098  984.64 9.29 
8 870 12 0.099 0.532 0.824 67.443 24703.39 100.0 6.2 0.102681  366.9128  942.90 8.98 
9 880 12 0.107 0.511 0.692 55.513 19418.01 99.9 5.1 0.119824  350.2670  909.28 8.76 
10 890 12 0.128 0.361 0.935 76.811 25512.27 99.9 7.1 0.061178  332.5945  872.88 8.47 
11 910 12 0.103 0.482 0.626 49.533 16063.52 99.9 4.6 0.126669  324.6728  856.32 8.34 
12 950 12 0.185 0.453 0.931 70.472 21947.91 99.8 6.5 0.083675  311.5686  828.59 8.13 
13 990 12 0.158 0.433 0.861 70.221 22125.52 99.9 6.5 0.080266  315.3290  836.59 8.20 
14 1030 12 0.201 0.519 0.853 65.906 23294.71 99.8 6.1 0.102508  353.5830  916.03 8.86 
15 1070 12 0.169 0.523 1.084 81.639 36104.48 99.9 7.5 0.083390  442.8800  1088.88 10.09 
16 1120 12 0.072 0.663 0.747 59.843 33125.00 100.0 5.5 0.144218  554.7926  1284.46 11.26 
17 1170 12 0.102 0.627 0.305 32.273 20469.78 100.0 3.0 0.252908  635.4035  1413.26 11.99 
18 1240 12 0.045 0.486 0.029 3.424 18080.94 100.0 0.3 1.848606  5320.9640  4318.68 20.66 
19 1400 12 0.071 0.128 0.010 0.611 240.97 99.9 0.1 2.729136  387.4332  983.51 11.14 
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MB07FM-25 muscovite, 10.00 mg, J = 0.001885 ± 0.86% 
4 amu discrimination = 1.02036 ± 0.77%, 40/39K = 0.01718 ± 55.2%, 36/37Ca = 0.0002613 ± 7.03%, 39/37Ca = 0.0006893 ± 1.32% 
              
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 520 12 1.12 0.218 1.884 5.294 1100.68 71.4 0.6 0.429554  147.7156  443.16 5.98 
2 580 12 0.17 0.139 0.695 5.142 989.119 96.3 0.6 0.281974  184.1081  537.46 6.11 
3 640 12 0.180 0.157 0.408 12.019 2837.85 98.6 1.5 0.136251  233.0402  656.94 7.17 
4 700 12 1.166 0.199 0.625 28.005 7566.15 95.7 3.4 0.074117  259.3408  718.04 7.79 
5 760 12 0.597 0.387 0.904 61.504 20209.52 99.6 7.5 0.065630  327.2625  866.87 8.93 
6 790 12 0.272 0.495 0.577 36.866 15284.05 99.6 4.5 0.140051  414.3947  1041.40 10.27 
7 810 12 0.227 0.481 0.552 40.863 21240.44 99.8 5.0 0.122778  520.5966  1233.57 11.60 
8 820 12 0.239 0.552 0.560 46.463 28704.05 99.8 5.7 0.123919  619.1257  1395.22 12.61 
9 830 12 0.179 0.669 0.382 33.378 21893.10 99.8 4.1 0.209066  657.4497  1454.38 13.03 
10 840 12 0.221 0.765 0.517 34.645 23003.34 99.8 4.2 0.230325  666.1172  1467.49 13.00 
11 850 12 0.169 0.573 0.754 56.506 36384.68 99.9 6.9 0.105770  645.9618  1436.84 12.84 
12 860 12 0.148 0.556 0.713 51.680 32105.93 99.9 6.3 0.112216  623.2445  1401.67 12.68 
13 870 12 0.169 0.495 0.663 48.771 30197.26 99.9 5.9 0.105864  620.9873  1398.13 12.63 
14 880 12 0.131 0.346 0.647 47.556 28106.72 99.9 5.8 0.075887  592.9242  1353.62 12.34 
15 890 12 0.227 0.495 0.639 41.452 22928.73 99.8 5.1 0.124556  554.1140  1290.20 12.15 
16 910 12 0.185 0.515 0.597 47.772 25378.10 99.9 5.8 0.112444  532.7011  1254.22 11.70 
17 960 12 0.221 0.789 0.669 54.901 27844.15 99.8 6.7 0.149901  508.4480  1212.59 11.48 
18 1010 12 0.280 0.749 0.756 50.816 30214.16 99.8 6.2 0.153741  595.8622  1358.33 12.39 
19 1070 12 0.215 0.711 0.681 52.111 40847.90 99.9 6.3 0.142314  786.4354  1640.34 13.96 
20 1150 12 0.269 1.066 0.581 45.114 38294.52 99.8 5.5 0.246472  851.1338  1726.86 14.48 
21 1220 12 0.215 0.669 0.251 14.639 11950.73 99.6 1.8 0.476723  816.6640  1681.28 14.17 
22 1400 12 0.245 0.151 0.189 5.274 3638.71 98.6 0.6 0.298652  686.2280  1497.56 13.26 
 285 
 
Beyene-UNLV, MB07FM-22B, muscovite, 4.10 mg, J = 0.001577 ± 0.16% 
4 amu discrimination = 1.05174 ± 0.86%, 40/39K = 0.0109 ± 63.49%, 36/37Ca = 0.000243 ± 24.65%, 39/37Ca = 0.000605 ± 14.11% 
            
 
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma) 
 1s.d. 
1 650 12 1.067 0.016 0.836 32.694 4433.64 93.7 5.5 127.5471 330.64 3.42 
2 720 12 1.049 0.017 0.770 40.59 8392.35 96.8 6.9 201.2381 497.25 4.84 
3 760 12 0.404 0.065 0.958 65.736 17641.94 99.5 11.1 268.9696 637.90 5.85 
4 790 12 0.244 0.037 0.875 62.294 24381.60 99.8 10.6 393.6926 871.28 7.53 
5 810 12 0.194 0.058 0.519 36.89 18358.53 99.8 6.3 500.5021 1049.65 8.67 
6 820 12 0.185 0.034 0.654 45.617 23137.75 99.9 7.7 510.4852 1065.45 8.77 
7 830 12 0.171 0.054 0.472 33.257 16741.77 99.9 5.6 506.3358 1058.90 8.81 
8 840 12 0.171 0.051 0.355 25.405 12593.29 99.8 4.3 498.1247 1045.86 8.65 
9 850 12 0.101 0.016 0.267 18.492 9004.13 99.9 3.1 489.6252 1032.27 8.56 
10 860 12 0.099 0.017 0.224 15.426 7254.59 99.9 2.6 472.5772 1004.69 8.37 
11 870 12 0.098 0.017 0.190 13.713 6249.96 99.9 2.3 457.7330 980.33 8.24 
12 880 12 0.097 0.021 0.173 12.148 5330.58 99.9 2.1 440.3853 951.44 8.06 
13 910 12 0.100 0.019 0.230 16.316 6921.17 99.9 2.8 426.1722 927.41 7.92 
14 950 12 0.118 0.014 0.319 21.987 8914.06 99.9 3.7 407.4456 895.26 7.67 
15 1000 12 0.176 0.043 0.441 31.089 12312.79 99.8 5.3 397.9000 878.65 7.66 
16 1050 12 0.162 0.043 0.446 31.961 12928.91 99.8 5.4 406.6116 893.82 7.66 
17 1100 12 0.154 0.040 0.338 49.957 15356.97 99.9 8.5 441.8908 953.96 8.07 
18 1170 12 0.193 0.048 0.540 26.388 14454.70 99.8 4.5 550.4649 1127.39 9.11 
19 1260 12 0.114 0.018 0.113 6.767 1769.05 99.7 1.1 258.9321 617.73 5.71 
20 1400 12 0.115 0.018 0.059 2.913 682.51 99.5 0.5 225.6287 549.17 6.26 
 286 
 
MB07FM-31 muscovite, 12.20 mg, J = 0.002010 ± 0.86% 
4 amu discrimination = 1.01291 ± 0.70%, 40/39K = 0.01718 ± 55.2%, 36/37Ca = 0.0002613 ± 7.03%, 39/37Ca = 0.0006893 ± 1.32% 
 
              
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 650 12 3.67 0.288 3.617 108.329 3436.97 69.2 3.7 0.0353  21.8978  77.71 1.09 
2 730 12 0.773 0.279 2.585 192.099 4595.68 95.5 6.6 0.0193  22.8044  80.85 0.99 
3 790 12 0.573 0.311 3.218 249.969 6441.10 97.7 8.6 0.0165  25.1568  88.99 1.08 
4 830 12 0.630 0.240 2.329 179.382 6018.15 97.2 6.1 0.0178  32.6064  114.52 1.38 
5 840 12 0.445 0.162 1.302 98.515 4435.90 97.5 3.4 0.0219  43.8348  152.34 1.81 
6 850 12 0.434 0.135 1.141 86.069 4773.78 97.8 2.9 0.0209  54.1510  186.39 2.19 
7 860 12 0.388 0.126 1.127 86.486 5121.81 98.2 3.0 0.0194  58.0803  199.20 2.33 
8 870 12 0.338 0.141 1.142 89.943 5145.38 98.5 3.1 0.0208  56.2724  193.32 2.27 
9 880 12 0.270 0.145 1.186 92.872 4944.40 98.8 3.2 0.0208  52.5410  181.12 2.13 
10 890 12 0.181 0.114 1.062 82.91 4259.01 99.2 2.8 0.0183  50.8815  175.67 2.06 
11 910 12 0.242 0.131 1.515 120.118 6281.25 99.2 4.1 0.0145  51.8450  178.84 2.10 
12 930 12 0.329 0.350 2.427 191.508 10050.53 99.2 6.6 0.0243  52.1118  179.71 2.12 
13 950 12 0.412 0.321 3.288 258.585 13870.24 99.3 8.8 0.0165  53.3050  183.62 2.15 
14 960 12 0.307 0.333 2.592 201.967 11805.90 99.4 6.9 0.0219  58.1582  199.45 2.33 
15 975 12 0.270 0.333 2.257 180.041 11560.74 99.5 6.2 0.0246  63.9385  218.12 2.53 
16 1000 12 0.310 0.392 2.461 197.493 14097.94 99.5 6.8 0.0264  71.3945  241.92 2.79 
17 1030 12 0.281 0.321 2.220 176.662 18069.92 99.6 6.0 0.0242  102.1095  336.78 3.78 
18 1070 12 0.231 0.523 1.323 102.985 18298.53 99.7 3.5 0.0675  177.5157  550.49 5.86 
19 1130 12 0.239 0.783 1.255 98.467 30454.46 99.8 3.4 0.1057  309.4322  872.51 8.52 
20 1210 12 0.205 0.341 1.322 106.541 23535.43 99.8 3.6 0.0425  220.9454  662.97 6.83 
21 1400 12 0.420 0.139 0.413 22.25 4858.64 97.9 0.8 0.0830  221.7240  664.93 7.03 
 287 
 
Beyene-UNLV, MB07FM-32 muscovite, 8.80 mg, J = 0.002075 ± 0.72% 
   
4 amu discrimination = 1.02036 ± 0.77%, 40/39K = 0.01718 ± 55.2%, 36/37Ca = 0.0002613 ± 7.03%, 39/37Ca = 0.0006893 ± 1.32% 
 
              
Step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 580 12 0.964 0.307 1.836 6.076 451.797 39.4 0.3 0.5885  28.7182  104.42 2.47 
2 650 12 0.317 1.223 0.252 9.663 323.305 74.8 0.4 1.4745  24.2178  88.45 1.21 
3 720 12 7.166 3.320 1.794 25.556 2827.27 28.1 1.1 1.5135  29.2885  106.44 3.16 
4 770 12 1.344 0.566 0.782 38.005 1496.46 74.8 1.6 0.1734  29.3214  106.55 1.44 
5 800 12 0.414 0.352 0.691 47.367 1668.15 93.7 2.0 0.0865  32.8738  119.05 1.43 
6 820 12 0.319 0.325 0.906 67.768 2437.41 96.8 2.8 0.0558  34.7803  125.72 1.49 
7 830 12 0.282 0.285 1.559 123.345 4309.59 98.4 5.2 0.0269  34.4319  124.50 1.46 
8 840 12 0.321 0.321 3.010 241.608 8390.71 99.0 10.1 0.0155  34.4868  124.69 1.46 
9 850 12 0.260 0.294 2.881 231.399 7907.37 99.2 9.7 0.0148  33.9878  122.95 1.44 
10 860 12 0.170 0.241 2.192 178.021 6046.59 99.4 7.4 0.0158  33.9352  122.76 1.44 
11 870 12 0.151 0.227 1.736 140.915 4711.32 99.4 5.9 0.0188  33.2700  120.43 1.41 
12 880 12 0.134 0.222 1.459 117.578 3898.06 99.4 4.9 0.0220  32.9722  119.39 1.40 
13 890 12 0.133 0.210 1.212 94.964 3150.89 99.2 4.0 0.0258  32.9294  119.24 1.40 
14 910 12 0.142 0.197 1.238 96.243 3185.60 99.3 4.0 0.0238  32.8449  118.95 1.39 
15 960 12 0.262 0.340 2.303 180.192 5898.94 99.0 7.5 0.0220  32.4593  117.59 1.38 
16 1010 12 0.316 0.421 2.072 168.945 5535.07 98.7 7.1 0.0290  32.3655  117.26 1.38 
17 1070 12 0.272 0.483 2.307 183.403 6144.48 99.0 7.7 0.0307  33.2200  120.26 1.41 
18 1140 12 0.221 0.426 2.531 203.872 6927.23 99.2 8.5 0.0243  33.7766  122.21 1.43 
19 1220 12 0.190 0.419 2.652 216.511 7503.52 99.4 9.1 0.0225  34.5189  124.80 1.46 
20 1300 12 0.185 0.306 0.234 16.486 666.30 94.0 0.7 0.2162  37.1224  133.87 1.60 
21 1400 12 0.257 0.196 0.104 4.093 294.93 78.7 0.2 0.5577  50.7720  180.70 2.33 
 288 
 
 
Beyene-UNLV, MB07FM-12, muscovite, 7.50 mg, J = 0.001772 ± 1.07%    
4 amu discrimination = 1.03158 ± 0.77%, 40/39K = 0.01718 ± 55.2%, 36/37Ca = 0.0002613 ± 7.03%, 39/37Ca = 0.0006893 ± 1.32% 
              
Step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar 
rlsd 
Ca/K 40Ar*/39ArK Age 
(Ma) 
 1s.d. 
1 480 12 0.379 0.134 0.382 3.122 160.272 38.2 0.2 0.3656  18.2892  57.54 1.39 
2 500 12 0.083 0.129 0.063 1.208 45.181 79.9 0.1 0.9098  22.0351  69.10 1.25 
3 520 12 0.077 0.120 0.045 1.418 48.33 86.4 0.1 0.7209  22.2263  69.69 1.10 
4 540 12 0.095 0.183 0.052 1.761 56.625 77.3 0.1 0.8853  19.6847  61.86 1.13 
5 560 12 0.089 0.375 0.057 2.564 74.533 86.7 0.2 1.2461  21.2575  66.71 1.12 
6 580 12 0.101 0.752 0.070 3.43 93.111 85.6 0.3 1.8683  20.3666  63.96 1.00 
7 600 12 0.107 0.772 0.099 4.403 121.147 87.7 0.4 1.4940  21.8892  68.65 1.13 
8 620 12 0.148 0.563 0.137 5.753 162.21 83.0 0.5 0.8337  21.8704  68.60 1.20 
9 640 12 0.200 0.224 0.162 7.83 227.776 81.3 0.6 0.2437  22.5700  70.75 1.09 
10 670 12 4.269 0.150 1.021 13.968 1596.34 23.9 1.1 0.0915  27.3190  85.29 2.93 
11 700 12 1.379 0.134 0.496 19.241 899.109 57.4 1.5 0.0593  26.6474  83.24 1.48 
12 730 12 0.295 0.144 0.375 23.923 734.091 90.6 1.9 0.0513  27.5503  85.99 1.25 
13 760 12 0.257 0.135 0.411 29.173 936.609 93.6 2.3 0.0394  29.8042  92.85 1.33 
14 800 12 0.442 0.157 0.761 55.506 1974.992 94.3 4.4 0.0241  33.5383  104.15 1.49 
15 840 12 0.473 0.123 2.616 204.157 7868.18 98.4 16.2 0.0051  38.1388  117.98 1.65 
16 880 12 0.292 0.136 2.504 199.634 7294.3 99.0 15.9 0.0058  36.3692  112.67 1.58 
17 930 12 0.334 0.127 2.133 170.034 5996.14 98.6 13.5 0.0064  34.9394  108.37 1.52 
18 980 12 0.402 0.122 1.592 119.531 4247.07 97.6 9.5 0.0087  34.8056  107.97 1.53 
19 1030 12 0.478 0.124 1.851 146.351 5463.91 97.7 11.6 0.0072  36.6493  113.51 1.60 
20 1090 12 0.473 0.131 2.496 193.497 7589.88 98.4 15.4 0.0058  38.7901  119.93 1.69 
21 1140 12 0.160 0.121 0.623 47.605 1919.08 98.5 3.8 0.0216  39.6649  122.54 1.72 
22 1200 12 0.150 0.125 0.054 1.318 111.311 74.2 0.1 0.8080  54.0140  164.90 2.79 
23 1400 12 0.245 0.116 0.079 1.094 245.327 78.6 0.1 0.9033  164.4174  461.28 6.74 
 289 
 
Beyene-UNLV, MB07FM-14, muscovite, 4.60 mg, J = 0.001789 ± 0.99% 
   
4 amu discrimination = 1.0215 ± 1.16%, 40/39K = 0.01718 ± 55.2%, 36/37Ca = 0.0002613 ± 7.03%, 39/37Ca = 0.0006893 ± 1.32% 
              
Step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar 
rlsd Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 500 12 0.759 0.393 0.563 2.583 274.595 21.3 0.3 1.4877  21.5670  68.30 3.80 
2 540 12 0.188 0.115 0.167 1.573 77.341 37.0 0.2 0.7147  14.8119  47.18 1.69 
3 580 12 0.169 0.181 0.137 2.675 88.042 53.7 0.3 0.6614  14.7897  47.11 1.39 
4 630 12 0.309 0.615 0.198 6.971 209.845 61.9 0.7 0.8625  17.4121  55.34 1.26 
5 680 12 1.739 4.152 0.543 15.364 768.189 35.4 1.6 2.6433  17.4530  55.47 1.95 
6 730 12 0.821 1.249 0.511 27.214 750.423 69.8 2.8 0.4486  18.9506  60.15 1.26 
7 780 12 0.493 0.218 0.570 38.27 962.873 87.5 4.0 0.0557  21.6123  68.44 1.26 
8 820 12 0.494 0.211 1.122 84.183 2334.23 94.8 8.8 0.0245  26.1820  82.58 1.45 
9 850 12 0.693 0.255 2.721 208.568 6051.48 97.0 21.7 0.0119  28.1896  88.76 1.54 
10 880 12 0.517 0.237 2.910 231.466 6715.72 98.1 24.1 0.0100  28.5038  89.73 1.55 
11 910 12 0.340 0.202 1.836 143.798 4222.44 98.2 14.9 0.0137  28.8070  90.66 1.57 
12 940 12 0.221 0.164 0.795 62.659 1887.76 97.9 6.5 0.0256  29.2438  92.00 1.59 
13 970 12 0.167 0.157 0.410 29.868 913.229 97.4 3.1 0.0514  29.1075  91.58 1.59 
14 1000 12 0.181 0.170 0.319 21.158 657.41 95.7 2.2 0.0785  28.7552  90.50 1.59 
15 1030 12 0.168 0.161 0.285 19.604 614.914 96.1 2.0 0.0803  29.0508  91.41 1.60 
16 1060 12 0.143 0.168 0.269 19.936 600.469 97.2 2.1 0.0824  29.6939  93.38 1.62 
17 1090 12 0.130 0.204 0.196 14.817 485.137 97.4 1.5 0.1346  30.3887  95.51 1.66 
18 1150 12 0.135 0.183 0.160 11.548 424.795 96.6 1.2 0.1549  33.6235  105.38 1.85 
19 1400 12 0.253 0.239 0.286 19.786 904.724 94.6 2.1 0.1181  42.2667  131.50 2.29 
 290 
 
Beyene-UNLV, MB07FM-16, muscovite, 4.70 mg, J = 0.001598 ± 0.13% 
  
4 amu discrimination = 1.05174 ± 0.86%, 40/39K = 0.0109 ± 63.49%, 36/37Ca = 0.000243 ± 24.65%, 39/37Ca = 0.000605 ± 14.11% 
 
             
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma)  1s.d. 
1 650 12 4.148 0.021 1.393 30.826 7911.16 85.5 5.3 220.7545  545.10 5.70 
2 730 12 2.759 0.017 1.070 40.104 2162.09 64.8 6.9 34.8889  97.88 1.41 
3 790 12 0.446 0.018 1.082 76.154 3045.45 96.6 13.1 38.6750  108.19 1.17 
4 830 12 0.339 0.019 1.753 124.783 5464.72 98.7 21.5 43.3991  120.97 1.28 
5 840 12 0.213 0.021 0.965 67.397 2983.17 98.8 11.6 43.7489  121.91 1.29 
6 850 12 0.174 0.023 0.555 37.664 1649.71 98.4 6.5 42.8740  119.55 1.27 
7 860 12 0.192 0.010 0.383 25.482 1133.18 97.2 4.4 42.7280  119.16 1.27 
8 870 12 0.156 0.018 0.300 20.523 919.77 97.7 3.5 43.0627  120.06 1.28 
9 880 12 0.156 0.019 0.247 16.114 724.15 97.1 2.8 42.6083  118.84 1.28 
10 890 12 0.149 0.024 0.210 13.189 602.41 96.8 2.3 42.8922  119.60 1.28 
11 910 12 0.156 0.020 0.219 13.278 607.46 96.5 2.3 42.8388  119.46 1.28 
12 950 12 0.173 0.023 0.298 18.859 847.14 96.9 3.2 42.7228  119.14 1.28 
13 990 12 0.157 0.018 0.281 19.239 865.63 97.5 3.3 43.0838  120.12 1.28 
14 1030 12 0.143 0.018 0.261 17.553 809.65 97.9 3.0 44.2319  123.21 1.34 
15 1070 12 0.152 0.023 0.268 17.105 811.74 97.6 2.9 45.3649  126.26 1.35 
16 1120 12 0.151 0.020 0.314 21.544 1070.25 98.4 3.7 48.1193  133.65 1.41 
17 1170 12 0.154 0.020 0.224 14.479 724.90 97.5 2.5 47.4857  131.95 1.40 
18 1240 12 0.166 0.019 0.084 4.079 228.56 89.8 0.7 45.0067  125.30 1.42 
19 1400 12 0.175 0.017 0.061 2.613 168.20 85.7 0.4 46.1451  128.36 1.51 
291 
 
Beyene-UNLV, MB07FM-18, muscovite, 2.70 mg, J = 0.001585 ± 0.14% 
    
 
4 amu discrimination = 1.05174 ± 0.86%, 40/39K = 0.0109 ± 63.49%, 36/37Ca = 0.000243 ± 24.65%, 39/37Ca = 0.000605 ± 14.11%  
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar  %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma)  1s.d. 
1 650 12 1.969 0.021 0.659 18.23 1093.68 50.5 6.4 29.9242  83.60 1.50 
2 730 12 0.789 0.018 0.481 23.479 1935.32 82.3 8.3 39.7338  110.18 1.32 
3 790 12 0.301 0.018 0.589 40.686 1935.32 96.8 14.3 45.8780  126.64 1.36 
4 830 12 0.303 0.020 1.117 77.876 4379.76 98.6 27.4 55.6229  152.43 1.60 
5 840 12 0.193 0.014 0.655 45.152 2494.54 98.7 15.9 54.5168  149.52 1.57 
6 850 12 0.150 0.018 0.332 22.491 1294.10 98.5 7.9 56.1578  153.83 1.62 
7 860 12 0.125 0.018 0.196 12.692 749.39 98.4 4.5 56.7887  155.49 1.64 
8 870 12 0.110 0.020 0.139 8.376 490.45 98.4 2.9 55.3801  151.79 1.63 
9 880 12 0.104 0.024 0.101 5.698 333.20 98.2 2.0 53.8738  147.83 1.60 
10 890 12 0.101 0.018 0.068 3.801 230.69 97.7 1.3 53.7846  147.59 1.63 
11 910 12 0.104 0.018 0.064 3.306 211.47 97.0 1.2 55.7188  152.68 1.77 
12 950 12 0.111 0.018 0.072 3.678 229.52 96.4 1.3 54.4119  149.24 1.71 
13 990 12 0.127 0.027 0.078 3.499 228.11 94.2 1.2 55.4947  152.09 1.71 
14 1030 12 0.116 0.021 0.071 3.454 234.33 95.8 1.2 58.9359  161.11 1.75 
15 1070 12 0.098 0.021 0.067 3.168 230.76 98.2 1.1 64.7345  176.21 1.87 
16 1120 12 0.096 0.023 0.057 2.929 222.20 99.6 1.0 67.2640  182.76 1.90 
17 1170 12 0.096 0.019 0.054 2.411 186.88 99.5 0.8 66.9371  181.92 2.07 
18 1240 12 0.106 0.019 0.041 1.698 139.97 96.8 0.6 65.5131  178.23 1.90 
19 1400 12 0.131 0.027 0.053 1.571 127.87 92.3 0.6 60.9452  166.36 1.84 
 
292 
 
Beyene-UNLV, MB07FM-19, muscovite, 4.70 mg, J = 0.001717 ± 0.21% 
    
 
4 amu discrimination = 1.05174 ± 0.86%, 40/39K = 0.0109 ± 63.49%, 36/37Ca = 0.000243 ± 24.65%, 39/37Ca = 0.000605 ± 14.11%  
 
            
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma)  1s.d. 
1 650 12 0.821 0.025 3.932 6.756 451.60 51.7 1.0 33.0417  99.55 1.90 
2 720 12 0.578 0.018 0.214 5.793 391.74 62.3 0.8 39.9988  119.83 1.80 
3 750 12 0.288 0.021 0.156 5.669 289.83 78.5 0.8 37.2349  111.80 1.42 
4 770 12 0.173 0.012 0.222 13.183 612.80 95.7 1.9 43.1893  129.06 1.40 
5 790 12 0.250 0.018 0.476 31.438 1493.69 96.8 4.6 45.6746  136.21 1.47 
6 810 12 0.294 0.015 0.790 53.606 2649.95 97.7 7.8 48.3069  143.75 1.54 
7 820 12 0.217 0.014 0.908 62.056 3130.44 98.8 9.0 49.8895  148.27 1.58 
8 830 12 0.166 0.016 0.816 58.105 2927.93 99.2 8.5 50.0156  148.63 1.58 
9 840 12 0.129 0.014 0.646 46.058 2293.03 99.4 6.7 49.4235  146.94 1.55 
10 850 12 0.108 0.019 0.502 36.785 1829.05 99.6 5.4 49.3237  146.66 1.58 
11 860 12 0.107 0.022 0.430 30.373 1505.40 99.5 4.4 48.9992  145.73 1.54 
12 880 12 0.115 0.021 0.046 32.610 1596.46 99.4 4.8 48.3845  143.98 1.52 
13 910 12 0.131 0.017 0.529 37.041 1815.30 99.3 5.4 48.4240  144.09 1.53 
14 950 12 0.155 0.019 0.573 40.737 1980.90 99.0 5.9 47.9633  142.77 1.51 
15 1000 12 0.174 0.018 0.557 39.162 1908.03 98.7 5.7 47.8781  142.53 1.52 
16 1050 12 0.171 0.020 0.580 38.707 1888.81 98.7 5.6 47.9623  142.77 1.52 
17 1100 12 0.180 0.016 0.689 48.016 2388.26 98.8 7.0 49.1007  146.02 1.55 
18 1170 12 0.167 0.015 1.098 78.710 3950.96 99.4 11.5 50.0121  148.62 1.58 
19 1400 12 0.138 0.023 0.302 21.015 1075.21 99.1 3.1 49.7636  147.92 1.57 
 
293 
 
Beyene-UNLV, MB07FM-35, muscovite, 3.10 mg, J = 0.001699 ± 0.22%      
4 amu discrimination = 1.05174 ± 0.86%, 40/39K = 0.0109 ± 63.49%, 36/37Ca = 0.000243 ± 24.65%, 39/37Ca = 0.000605 ± 14.11%  
 
            
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma)  1s.d. 
1 650 12 0.711 0.020 0.677 1.71 228.91 13.9 0.6 16.7463  50.61 3.16 
2 720 12 0.665 0.021 0.164 2.384 211.63 12.9 0.9 10.5896  32.17 2.23 
3 750 12 0.210 0.020 0.069 2.007 79.48 33.1 0.7 10.3100  31.33 0.89 
4 770 12 0.112 0.025 0.065 2.98 67.24 72.2 1.1 12.1187  36.77 0.64 
5 790 12 0.105 0.021 0.110 6.232 119.10 88.3 2.3 14.5021  43.91 0.53 
6 810 12 0.118 0.015 0.176 11.852 214.30 92.1 4.4 15.4124  46.63 0.54 
7 820 12 0.112 0.018 0.186 11.745 217.38 93.0 4.3 15.9617  48.27 0.57 
8 830 12 0.112 0.024 0.164 10.335 200.82 92.4 3.8 16.5246  49.95 0.58 
9 840 12 0.088 0.023 0.153 9.841 192.72 95.9 3.6 17.2163  52.01 0.60 
10 850 12 0.083 0.018 0.155 10.315 201.21 96.9 3.8 17.3919  52.54 0.60 
11 860 12 0.079 0.019 0.168 11.361 223.01 97.8 4.2 17.8254  53.83 0.60 
12 880 12 0.081 0.014 0.301 21.217 410.32 98.7 7.8 18.4183  55.59 0.61 
13 910 12 0.084 0.013 0.466 32.984 620.38 99.0 12.2 18.2474  55.08 0.60 
14 950 12 0.093 0.021 0.488 21.235 574.43 98.7 7.9 17.7094  53.48 0.59 
15 1000 12 0.010 0.016 0.349 24.813 449.62 99.3 9.2 17.4037  52.57 0.57 
16 1050 12 0.101 0.017 0.270 18.793 353.70 96.5 7.0 16.4605  49.76 0.58 
17 1100 12 0.117 0.021 0.303 20.606 406.56 96.5 7.6 17.3798  52.50 0.61 
18 1170 12 0.131 0.021 0.532 37.156 741.78 97.6 13.7 19.1340  57.72 0.64 
19 1400 12 0.164 0.018 0.206 12.777 344.36 92.7 4.7 23.4540  70.49 0.80 
 294 
 
Beyene-UNLV, MB07FM-36 muscovite, 13.30 mg, J = 0.002095 ± 0.71% 
4 amu discrimination = 1.02036 ± 0.77%, 40/39K = 0.01718 ± 55.2%, 36/37Ca = 0.0002613 ± 7.03%, 39/37Ca = 0.0006893 ± 1.32% 
              
step 
T 
(C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar 
%40Ar
* % 39Ar rlsd Ca/K 
40Ar*/39Ar
K Age (Ma)  1s.d. 
1 580 12 1.39 0.292 2.312 12.00 563.342 29.3 0.4 0.2858  13.5249  50.41 1.39 
2 650 12 0.27 0.421 0.438 22.05 282.39 75.8 0.7 0.2243  9.3351  34.94 0.48 
3 720 12 1.994 0.765 1.140 56.256 1196.53 52.5 1.9 0.1597  11.0855  41.42 0.71 
4 770 12 0.687 0.707 1.074 76.531 1328.66 86.0 2.5 0.1085  14.8470  55.26 0.70 
5 800 12 0.519 0.553 1.053 78.214 1611.18 91.5 2.6 0.0830  18.7794  69.62 0.85 
6 820 12 0.445 0.551 1.259 96.032 2072.44 94.5 3.2 0.0674  20.3400  75.28 0.91 
7 830 12 0.341 0.608 1.747 137.227 2873.19 97.0 4.6 0.0520  20.3096  75.17 0.90 
8 840 12 0.351 0.756 2.821 224.479 4710.74 98.1 7.5 0.0396  20.6173  76.29 0.90 
9 850 12 0.312 0.714 2.747 219.352 4598.05 98.3 7.3 0.0382  20.6352  76.35 0.90 
10 860 12 0.241 0.636 2.168 173.787 3587.51 98.4 5.8 0.0430  20.3290  75.24 0.93 
11 870 12 0.178 0.566 1.799 147.456 3042.62 98.8 4.9 0.0451  20.3750  75.41 0.89 
12 880 12 0.171 0.553 1.641 127.436 2603.79 98.6 4.2 0.0510  20.1364  74.55 0.88 
13 890 12 0.143 0.537 1.328 106.855 2186.24 98.8 3.5 0.0590  20.1698  74.67 0.88 
14 910 12 0.179 0.640 1.486 120.17 2445.44 98.6 4.0 0.0626  20.0184  74.12 0.91 
15 960 12 0.293 1.328 2.930 233.725 4781.17 98.6 7.8 0.0667  20.1844  74.72 0.88 
16 1010 12 0.363 1.988 2.887 230.95 4678.70 98.1 7.7 0.1011  19.8903  73.65 0.87 
17 1070 12 0.395 2.772 3.738 303.194 6214.05 98.4 10.1 0.1074  20.2029  74.79 0.89 
18 1140 12 0.363 4.322 4.857 393.352 8224.77 98.9 13.1 0.1291  20.7277  76.69 0.90 
19 1220 12 0.179 2.807 2.709 219.218 4617.40 99.1 7.3 0.1504  20.8884  77.27 0.91 
20 1400 12 0.172 2.196 0.471 34.457 976.30 96.8 1.1 0.7487  26.5664  97.71 1.16 
 
 295 
 
Beyene-UNLV, MB07FM-39 muscovite, 12.40 mg, J = 0.002105 ± 0.74%   
4 amu discrimination = 1.02036 ± 0.77%, 40/39K = 0.01718 ± 55.2%, 36/37Ca = 0.0002613 ± 7.03%, 39/37Ca = 0.0006893 ± 
1.32%   
 
             
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 650 12 2.586 0.542 5.759 43.605 1714.27 56.7 1.5 0.1476  22.2420  82.55 1.34 
2 720 12 3.549 0.579 1.675 66.958 1924.39 47.0 2.3 0.1026  13.4836  50.49 0.94 
3 780 12 1.005 0.493 1.745 122.917 1924.39 88.3 4.1 0.0476  17.0236  63.52 0.81 
4 820 12 0.789 0.472 2.347 175.403 4001.74 94.6 5.9 0.0319  21.6040  80.23 0.98 
5 830 12 0.391 0.335 2.017 156.73 3479.01 97.1 5.3 0.0254  21.5687  80.10 0.97 
6 840 12 0.310 0.321 1.992 158.821 3483.40 97.8 5.3 0.0240  21.4605  79.71 0.96 
7 850 12 0.257 0.299 1.816 140.208 3075.71 98.0 4.7 0.0253  21.5016  79.86 0.96 
8 860 12 0.221 0.268 1.519 119.727 2604.77 98.1 4.0 0.0266  21.3197  79.20 0.95 
9 870 12 0.193 0.276 1.448 110.029 2381.38 98.3 3.7 0.0298  21.2352  78.89 0.95 
10 880 12 0.182 0.263 1.289 103.417 2238.71 98.3 3.5 0.0302  21.2396  78.91 0.95 
11 890 12 0.184 0.266 1.164 92.898 1995.27 98.1 3.1 0.0340  21.0083  78.07 0.94 
12 910 12 0.200 0.291 1.440 111.826 2397.30 98.3 3.8 0.0309  21.0251  78.13 0.94 
13 960 12 0.452 0.526 3.409 268.895 5791.41 98.0 9.0 0.0232  21.1381  78.54 0.95 
14 1010 12 0.499 0.703 3.507 277.445 6092.06 97.9 9.3 0.0301  21.5255  79.95 0.96 
15 1060 12 0.476 0.832 3.755 296.14 6651.84 98.2 10.0 0.0333  22.0868  81.99 0.98 
16 1110 12 0.429 0.994 4.367 347.645 7816.20 98.6 11.7 0.0339  22.2152  82.45 0.99 
17 1160 12 0.314 0.916 3.179 256.297 5834.58 98.6 8.6 0.0424  22.4769  83.40 1.00 
18 1220 12 0.312 0.500 1.326 103.463 2878.96 99.3 3.5 0.0574  27.0201  99.80 1.20 
19 1400 12 0.745 0.474 0.462 20.192 2768.20 92.8 0.7 0.2787  126.5646  426.11 4.79 
 296 
 
Beyene-UNLV, MB07FM-40, muscovite, 3.50 mg, J = 0.001705 ± 0.21% 
    
 
4 amu discrimination = 1.05174 ± 0.86%, 40/39K = 0.0109 ± 63.49%, 36/37Ca = 0.000243 ± 24.65%, 39/37Ca = 0.000605 ± 14.11%  
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma)  1s.d. 
1 650 12 2.588 0.016 2.441 8.765 971.20 25.6 1.9 28.1271  84.51 2.84 
2 720 12 1.578 0.019 0.487 10.569 587.87 25.4 2.3 13.8128  42.00 1.44 
3 750 12 0.648 0.021 0.261 9.403 329.71 47.3 2.0 15.8391  48.07 0.94 
4 770 12 0.374 0.024 0.241 11.078 312.91 70.4 2.4 18.9220  57.28 0.81 
5 790 12 0.441 0.023 0.345 17.915 517.47 78.7 3.9 22.1550  66.89 0.86 
6 810 12 0.488 0.020 0.549 31.535 828.43 85.2 6.8 22.1057  66.75 0.80 
7 820 12 0.305 0.018 0.416 25.862 648.27 89.2 5.6 21.9354  66.24 0.77 
8 830 12 0.214 0.018 0.309 19.096 482.63 90.8 4.1 22.3115  67.36 0.77 
9 840 12 0.179 0.020 0.256 15.875 398.36 91.4 3.4 22.1114  66.76 0.76 
10 850 12 0.150 0.020 0.216 14.045 347.61 92.5 3.0 21.9337  66.24 0.75 
11 860 12 0.140 0.019 0.211 13.40 333.62 93.1 2.9 22.1486  66.87 0.76 
12 880 12 0.146 0.018 0.283 18.635 452.73 94.6 4.0 22.2795  67.26 0.75 
13 910 12 0.116 0.019 0.464 31.245 737.37 98.1 6.7 22.7578  68.68 0.75 
14 950 12 0.194 0.018 0.615 42.48 991.70 96.3 9.2 22.2548  67.19 0.74 
15 1000 12 0.216 0.020 0.646 42.569 1000.61 95.7 9.2 22.2731  67.24 0.75 
16 1050 12 0.214 0.011 0.577 39.609 945.01 95.5 8.5 22.5367  68.02 0.75 
17 1100 12 0.215 0.017 0.627 43.064 1031.75 95.9 9.3 22.7528  68.66 0.76 
18 1170 12 0.245 0.017 0.779 52.957 1294.09 96.1 11.4 23.3238  70.35 0.78 
19 1400 12 0.382 0.021 0.298 15.788 612.56 85.6 3.4 32.2201  96.48 1.16 
297 
 
Beyene-UNLV, MB07FM-42 muscovite, 8.60 mg, J = 0.002126 ± 0.91% 
4 amu discrimination = 1.02036 ± 0.77%, 40/39K = 0.01718 ± 55.2%, 36/37Ca = 0.0002613 ± 7.03%, 39/37Ca = 0.0006893 ± 1.32% 
              
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
 
1 650 12 3.25 0.291 2.250 14.326 1167.3 19.6 0.6 0.2459  15.5686  58.75 2.36 
2 720 12 3.234 0.815 0.932 18.901 1029.24 9.4 0.8 0.5221  5.0495  19.26 1.60 
3 780 12 1.081 0.363 0.632 35.11 480.155 36.3 1.6 0.1252  4.8403  18.47 0.48 
4 820 12 0.682 0.245 0.691 46.131 450.156 58.3 2.1 0.0643  5.5423  21.13 0.36 
5 830 12 0.271 0.204 0.547 40.953 336.14 80.6 1.8 0.0603  6.3687  24.26 0.35 
6 840 12 0.257 0.175 0.678 50.329 441.62 86.3 2.3 0.0421  7.3649  28.03 0.39 
7 850 12 0.212 0.184 0.785 60.371 521.60 91.0 2.7 0.0369  7.6844  29.24 0.41 
8 860 12 0.191 0.183 0.938 73.47 633.14 93.5 3.3 0.0302  7.9189  30.12 0.41 
9 870 12 0.185 0.182 1.095 87.889 761.46 94.8 3.9 0.0251  8.1059  30.83 0.42 
10 880 12 0.171 0.156 1.207 97.225 843.64 95.8 4.4 0.0194  8.2141  31.23 0.42 
11 890 12 0.165 0.171 1.250 98.711 827.86 96.0 4.4 0.0210  7.9473  30.23 0.41 
12 910 12 0.182 0.220 1.656 131.306 1085.21 96.4 5.9 0.0203  7.9012  30.05 0.40 
13 960 12 0.337 0.444 4.144 335.478 2739.55 96.9 15.0 0.0160  7.9020  30.06 0.40 
14 1010 12 0.301 1.193 4.494 359.073 2930.01 97.5 16.1 0.0402  7.9444  30.22 0.40 
15 1050 12 0.215 1.014 3.857 314.131 2745.87 98.3 14.1 0.0391  8.5742  32.59 0.43 
16 1090 12 0.176 1.091 2.500 204.21 1929.38 98.2 9.2 0.0647  9.2392  35.09 0.47 
17 1130 12 0.115 1.368 1.355 110.572 1106.64 98.2 5.0 0.1498  9.7025  36.84 0.49 
18 1170 12 0.115 1.823 0.625 49.932 537.94 96.4 2.2 0.4421  10.0725  38.23 0.51 
19 1400 12 0.299 42.750 1.303 101.263 1257.62 95.8 4.5 5.1190  11.6215  44.03 0.59 
298 
 
Beyene-UNLV, MB07FM-43, muscovite, 5.60 mg, J = 0.001688 ± 0.23% 
     
4 amu discrimination = 1.05174 ± 0.86%, 40/39K = 0.0109 ± 63.49%, 36/37Ca = 0.000243 ± 24.65%, 39/37Ca = 0.000605 ± 14.11% 
  
Total 
Fusion T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma)  1s.d. 
 
 
1 1400 12 9.339 0.051 16.239 976.679 11983.15 78.2 100.0 9.654273 29.16 0.38 
          
 
Total gas age  29.16 0.75 
 299 
 
MB07FM-44 muscovite, 7.40 mg, J = 0.002132 ± 1.0% 
4 amu discrimination = 1.02036 ± 0.77%, 40/39K = 0.01718 ± 55.2%, 36/37Ca = 0.0002613 ± 7.03%, 39/37Ca = 0.0006893 ± 1.32% 
            
  
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 650 12 0.857 0.203 1.190 20.565 413.771 41.4 1.1 0.1205  8.1169 30.95 0.69 
2 730 12 2.267 0.259 0.985 39.757 977.708 33.5 2.2 0.0795  8.1611 31.12 0.80 
3 790 12 1.029 0.224 0.936 57.831 935.806 69.4 3.2 0.0473  11.1060 42.22 0.67 
4 830 12 1.075 0.222 1.509 104.735 2067.68 85.6 5.8 0.0259  16.8505 63.68 0.92 
5 840 12 0.498 0.215 2.382 186.871 3708.45 96.5 10.3 0.0140  19.1528 72.20 1.00 
6 850 12 0.356 0.202 2.093 162.578 3218.89 97.2 8.9 0.0152  19.2473 72.55 1.00 
7 860 12 0.224 0.166 1.185 92.452 1825.64 97.2 5.1 0.0219  19.1404 72.16 1.00 
8 870 12 0.167 0.172 0.835 69.696 1370.05 97.6 3.8 0.0301  19.0687 71.89 0.99 
9 880 12 0.135 0.144 0.746 59.055 1155.55 97.9 3.2 0.0298  19.0173 71.70 0.99 
10 890 12 0.116 0.146 0.607 48.599 936.63 98.1 2.7 0.0367  18.7025 70.54 0.97 
11 910 12 0.142 0.155 0.710 55.576 1066.79 97.9 3.1 0.0340  18.5808 70.09 0.96 
12 950 12 0.202 0.207 1.174 92.642 1770.40 97.7 5.1 0.0273  18.5792 70.08 0.96 
13 990 12 0.200 0.211 1.257 99.145 1854.70 97.8 5.4 0.0260  18.2190 68.75 0.95 
14 1030 12 0.213 0.252 1.438 115.439 2172.15 98.0 6.3 0.0266  18.3741 69.32 0.95 
15 1070 12 0.207 0.266 1.803 139.736 2698.66 98.2 7.7 0.0232  18.9356 71.40 0.98 
16 1120 12 0.198 0.282 2.071 164.299 3272.60 98.6 9.0 0.0210  19.6150 73.91 1.01 
17 1170 12 0.176 0.250 2.480 203.104 4181.51 99.0 11.2 0.0150  20.3897 76.77 1.05 
18 1240 12 0.116 0.190 1.189 95.000 1989.40 99.0 5.2 0.0244  20.6217 77.62 1.06 
19 1400 12 0.115 0.213 0.173 12.110 351.33 95.5 0.7 0.2147  25.0717 93.94 1.31 
 300 
 
Beyene-UNLV, MB07FM-46, muscovite, 3.00 mg, J = 0.001718 ± 0.23% 
4 amu discrimination = 1.05174 ± 0.86%, 40/39K = 0.0109 ± 63.49%, 36/37Ca = 0.000243 ± 24.65%, 39/37Ca = 0.000605 ± 14.11% 
             
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd 40Ar*/39ArK Age (Ma)  1s.d. 
1 650 12 1.337 0.017 1.828 13.752 497.92 23.5 3.9 8.1687  25.14 0.94 
2 730 12 1.021 0.019 0.530 24.221 578.19 52.5 6.8 12.1407  37.24 0.66 
3 790 12 0.369 0.021 0.911 60.76 1159.75 92.9 17.2 17.5285  53.53 0.61 
4 830 12 0.329 0.019 1.712 120.89 2330.06 97.0 34.1 18.6636  56.94 0.64 
5 840 12 0.167 0.018 0.365 24.214 493.78 95.0 6.8 18.6213  56.81 0.64 
6 850 12 0.103 0.022 0.195 12.87 258.22 97.7 3.6 17.9903  54.92 0.64 
7 860 12 0.089 0.020 0.145 9.404 190.15 99.1 2.7 17.7459  54.18 0.62 
8 870 12 0.078 0.021 0.121 7.787 162.72 99.7 2.2 18.0253  55.02 0.61 
9 880 12 0.075 0.019 0.099 6.472 136.16 99.9 1.8 17.5897  53.71 0.60 
10 890 12 0.081 0.023 0.096 5.536 118.79 99.6 1.6 17.3534  53.00 0.64 
11 910 12 0.079 0.020 0.102 5.926 129.40 99.9 1.7 18.0565  55.11 0.61 
12 950 12 0.077 0.016 0.140 8.949 184.28 99.9 2.5 18.0728  55.16 0.62 
13 990 12 0.089 0.021 0.175 10.682 225.99 98.3 3.0 18.7598  57.23 0.64 
14 1030 12 0.089 0.023 0.152 9.59 210.64 98.1 2.7 19.2816  58.79 0.66 
15 1070 12 0.089 0.019 0.134 8.381 194.38 99.3 2.4 20.3826  62.09 0.70 
16 1120 12 0.087 0.022 0.160 10.11 243.72 99.6 2.9 20.1819  61.49 0.68 
17 1170 12 0.091 0.023 0.120 7.115 181.58 99.6 2.0 21.7798  66.27 0.73 
18 1240 12 0.095 0.024 0.070 3.763 130.10 99.4 1.1 28.4176  86.00 0.98 
19 1400 12 0.117 0.023 0.077 3.712 273.97 98.0 1.0 65.3686  192.01 2.08 
 
 
 301 
 
Beyene-UNLV, MB09FM-1, muscovite, 5.60 mg, J = 0.001713 ± 0.43% 
      
4 amu discrimination = 1.0600 ± 0.44%, 40/39K = 0.0205 ± 33.69%, 36/37Ca = 0.000267 ± 2.14%, 39/37Ca = 0.000691 ± 0.99%   
 
             
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 650 12 6.289 0.101 3.293 13.959 2021.13 13.3 1.8 0.0735  19.5007 59.28 2.24 
2 720 12 1.264 0.103 0.604 17.422 552.30 36.5 2.2 0.0600  11.6631 35.69 0.48 
3 750 12 0.396 0.079 0.364 15.432 307.43 65.1 2.0 0.0520  12.9794 39.67 0.40 
4 770 12 0.210 0.070 0.309 17.242 296.02 81.5 2.2 0.0412  13.9921 42.73 0.34 
5 790 12 0.141 0.073 0.422 24.813 425.81 91.7 3.2 0.0299  15.8053 48.20 0.36 
6 810 12 0.171 0.100 0.854 53.84 1038.03 95.7 6.9 0.0189  18.6436 56.72 0.40 
7 820 12 0.129 0.092 1.059 71.893 1485.61 97.8 9.2 0.0130  20.4334 62.07 0.43 
8 830 12 0.096 0.074 1.124 76.366 1624.07 98.5 9.8 0.0098  21.1955 64.34 0.45 
9 840 12 0.080 0.064 0.973 66.424 1409.06 98.7 8.5 0.0098  21.1572 64.23 0.45 
10 850 12 0.061 0.053 0.727 50.403 1073.50 98.8 6.4 0.0107  21.2461 64.49 0.45 
11 860 12 0.050 0.042 0.519 36.487 774.56 98.7 4.7 0.0117  21.1364 64.17 0.45 
12 880 12 0.052 0.045 0.495 35.927 767.16 98.6 4.6 0.0127  21.2417 64.48 0.45 
13 910 12 0.062 0.050 0.682 46.343 1005.15 98.7 5.9 0.0110  21.6081 65.57 0.46 
14 950 12 0.071 0.054 0.869 61.185 1327.51 98.8 7.8 0.0090  21.6611 65.73 0.46 
15 1000 12 0.084 0.050 0.820 56.95 1223.34 98.4 7.3 0.0089  21.3544 64.82 0.45 
16 1050 12 0.074 0.050 0.633 43.404 940.81 98.2 5.5 0.0117  21.4916 65.22 0.45 
17 1100 12 0.050 0.038 0.509 35.479 781.57 98.7 4.5 0.0109  21.9380 66.55 0.46 
18 1170 12 0.042 0.034 0.514 35.516 801.65 99.1 4.5 0.0097  22.5383 68.34 0.48 
19 1400 12 0.085 0.035 0.350 23.415 630.37 97.0 3.0 0.0152  26.2741 79.42 0.56 
 302 
 
Beyene-UNLV, MB09FM-4, muscovite, 6.30 mg, J = 0.001744 ± 0.46%       
4 amu discrimination = 1.0600 ± 0.44%, 40/39K = 0.0205 ± 33.69%, 36/37Ca = 0.000267 ± 2.14%, 39/37Ca = 0.000691 ± 0.99%   
 
            
 
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 650 12 1.567 0.182 2.322 19.249 813.403 46.6 2.6 0.0942  19.8594  61.43 0.79 
2 720 12 2.432 0.197 0.882 26.731 1212.56 44.3 3.7 0.0734  20.2867  62.73 0.71 
3 750 12 0.392 0.112 0.329 18.129 511.654 79.3 2.5 0.0616  22.5296  69.53 0.55 
4 770 12 0.253 0.098 0.297 17.867 495.197 86.5 2.5 0.0547  24.1252  74.35 0.56 
5 790 12 0.160 0.116 0.409 27.698 739.931 94.5 3.8 0.0417  25.4618  78.38 0.52 
6 810 12 0.291 0.185 0.940 65.622 1809.21 95.7 9.0 0.0281  26.6903  82.08 0.59 
7 820 12 0.157 0.181 1.178 85.443 2386.79 98.3 11.7 0.0211  27.7899  85.38 0.61 
8 830 12 0.104 0.170 1.219 89.327 2534.51 99.0 12.3 0.0190  28.4251  87.29 0.62 
9 840 12 0.087 0.137 1.021 76.05 2135.79 99.0 10.4 0.0180  28.1389  86.43 0.61 
10 850 12 0.075 0.107 0.729 53.185 1486.76 98.8 7.3 0.0201  27.9376  85.83 0.62 
11 860 12 0.056 0.093 0.516 37.201 1065.61 98.9 5.1 0.0249  28.6173  87.86 0.63 
12 880 12 0.050 0.082 0.505 36.434 1031.2 99.0 5.0 0.0224  28.3093  86.94 0.62 
13 910 12 0.065 0.137 0.522 37.465 1051.08 98.7 5.1 0.0364  27.9549  85.88 0.61 
14 950 12 0.063 0.160 0.418 29.491 819.523 98.4 4.0 0.0541  27.5787  84.75 0.60 
15 1000 12 0.054 0.189 0.343 24.173 684.178 98.4 3.3 0.0779  28.0802  86.25 0.62 
16 1050 12 0.052 0.194 0.293 21.316 603.576 98.3 2.9 0.0907  28.0399  86.13 0.61 
17 1100 12 0.046 0.226 0.324 23.105 663.796 98.7 3.2 0.0975  28.5836  87.76 0.64 
18 1170 12 0.027 0.129 0.239 16.965 483.63 99.5 2.3 0.0758  28.4611  87.40 0.62 
19 1400 12 0.148 0.170 0.343 23.484 777.699 95.3 3.2 0.0721  31.8014  97.38 0.70 
 
303 
 
Beyene-UNLV, MB09FM-6, muscovite, 6.20 mg, J = 0.001746 ± 0.41%       
4 amu discrimination = 1.0600 ± 0.44%, 40/39K = 0.0205 ± 33.69%, 36/37Ca = 0.000267 ± 2.14%, 39/37Ca = 0.000691 ± 0.99%   
 
             
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 650 12 2.036 0.047 2.319 15.381 731.40 22.6 1.8 0.0299  10.8319  33.80 0.68 
2 720 12 3.658 0.045 1.095 22.617 1259.30 19.1 2.6 0.0195  10.7543  33.56 0.83 
3 750 12 0.621 0.030 0.424 20.793 350.21 51.3 2.4 0.0141  8.6542  27.06 0.29 
4 770 12 0.135 0.031 0.279 18.725 197.50 82.8 2.2 0.0162  8.6793  27.13 0.22 
5 790 12 0.199 0.026 0.491 33.366 380.98 86.4 3.9 0.0076  9.8946  30.90 0.23 
6 810 12 0.223 0.020 0.826 59.613 740.28 92.0 7.0 0.0033  11.5255  35.94 0.26 
7 820 12 0.181 0.017 0.421 29.221 381.77 87.7 3.4 0.0057  11.5025  35.87 0.26 
8 830 12 0.126 0.021 0.262 17.678 227.93 86.3 2.1 0.0116  11.0836  34.58 0.26 
9 840 12 0.112 0.024 0.262 17.356 222.10 87.7 2.0 0.0135  11.1772  34.87 0.27 
10 850 12 0.110 0.029 0.290 19.159 245.15 89.1 2.2 0.0148  11.3727  35.47 0.27 
11 860 12 0.086 0.019 0.311 21.942 276.41 92.8 2.6 0.0085  11.6810  36.42 0.26 
12 880 12 0.108 0.018 0.526 36.497 462.15 94.3 4.3 0.0048  12.0031  37.42 0.26 
13 910 12 0.142 0.024 1.067 76.76 971.81 96.2 9.0 0.0031  12.3023  38.34 0.27 
14 950 12 0.173 0.022 1.319 95.246 1142.38 96.0 11.1 0.0023  11.6343  36.28 0.25 
15 1000 12 0.184 0.022 1.241 90.616 1062.18 95.4 10.6 0.0024  11.2982  35.24 0.25 
16 1050 12 0.126 0.023 0.941 68.838 818.92 96.1 8.0 0.0033  11.5346  35.97 0.25 
17 1100 12 0.105 0.020 0.911 66.523 807.08 96.8 7.8 0.0029  11.8456  36.93 0.27 
18 1170 12 0.132 0.026 1.334 96.886 1248.60 97.3 11.3 0.0026  12.6643  39.46 0.27 
19 1400 12 0.177 0.026 0.690 48.573 719.55 93.7 5.7 0.0052  13.9806  43.51 0.31 
 
304 
 
Beyene-UNLV, MB09FM-7, muscovite, 6.00 mg, J = 0.001678 ± 0.49%  
     
4 amu discrimination = 1.0600 ± 0.44%, 40/39K = 0.0205 ± 33.69%, 36/37Ca = 0.000267 ± 2.14%, 39/37Ca = 0.000691 ± 0.99%   
 
             
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 650 12 1.954 0.499 1.596 9.172 662.26 18.0 1.0 0.5680  13.0827  39.18 1.06 
2 720 12 2.219 0.131 0.658 15.053 781.92 21.1 1.6 0.0909  11.0370  33.11 0.83 
3 750 12 1.093 0.048 0.413 12.901 444.24 31.8 1.4 0.0388  11.0101  33.03 0.60 
4 770 12 0.225 0.038 0.212 12.012 190.24 68.8 1.3 0.0330  10.8116  32.44 0.33 
5 790 12 0.109 0.036 0.208 13.234 184.99 85.7 1.4 0.0284  11.8864  35.63 0.29 
6 810 12 0.129 0.033 0.302 19.293 290.81 89.0 2.1 0.0179  13.4146  40.16 0.31 
7 820 12 0.107 0.032 0.341 23.942 371.36 93.0 2.6 0.0140  14.4761  43.30 0.33 
8 830 12 0.088 0.034 0.423 29.038 425.26 95.2 3.2 0.0122  13.9986  41.89 0.33 
9 840 12 0.086 0.029 0.495 34.032 541.78 96.3 3.7 0.0089  15.4287  46.11 0.34 
10 850 12 0.088 0.030 0.551 38.303 608.85 96.6 4.2 0.0082  15.4344  46.13 0.34 
11 860 12 0.090 0.038 0.570 40.965 651.45 96.7 4.5 0.0097  15.5005  46.32 0.35 
12 880 12 0.109 0.031 0.769 54.164 875.71 96.9 5.9 0.0060  15.8165  47.26 0.35 
13 910 12 0.150 0.041 1.302 92.45 1515.99 97.4 10.1 0.0046  16.1537  48.25 0.36 
14 950 12 0.219 0.040 1.853 131.304 2114.09 97.2 14.3 0.0032  15.8368  47.32 0.35 
15 1000 12 0.200 0.035 1.815 131.347 2103.63 97.4 14.3 0.0028  15.7917  47.18 0.35 
16 1050 12 0.112 0.027 1.332 96.432 1605.04 98.2 10.5 0.0029  16.5331  49.37 0.36 
17 1100 12 0.076 0.027 1.058 76.457 1351.00 98.7 8.3 0.0037  17.6228  52.58 0.39 
18 1170 12 0.067 0.023 0.535 39.22 740.92 98.1 4.3 0.0061  18.6603  55.62 0.41 
19 1400 12 0.220 0.081 0.713 49.97 975.90 94.1 5.4 0.0169  18.5472  55.29 0.42 
 
305 
 
Beyene-UNLV, MB09FM-11, muscovite, 7.00 mg, J = 0.001738 ± 0.49%       
4 amu discrimination = 1.0600 ± 0.44%, 40/39K = 0.0205 ± 33.69%, 36/37Ca = 0.000267 ± 2.14%, 39/37Ca = 0.000691 ± 0.99%   
 
             
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 650 12 1.205 0.068 2.299 14.874 549.24 39.2 1.4 0.0456  14.5768  45.14 0.58 
2 720 12 0.55 0.054 0.471 21.399 393.40 61.7 2.1 0.0252  11.3925  35.37 0.36 
3 750 12 0.224 0.033 0.339 19.312 287.24 79.5 1.9 0.0170  11.8236  36.70 0.31 
4 770 12 0.113 0.030 0.319 20.211 282.94 90.3 2.0 0.0148  12.6330  39.18 0.30 
5 790 12 0.095 0.035 0.394 26.332 360.48 93.8 2.6 0.0133  12.6747  39.31 0.30 
6 810 12 0.112 0.033 0.674 46.236 637.47 95.7 4.5 0.0071  13.2901  41.20 0.31 
7 820 12 0.097 0.026 0.791 55.957 782.48 97.0 5.4 0.0046  13.6808  42.39 0.32 
8 830 12 0.090 0.028 0.945 67.657 949.28 97.7 6.6 0.0041  13.8402  42.88 0.32 
9 840 12 0.089 0.029 1.113 79.474 1104.76 98.0 7.7 0.0036  13.7660  42.66 0.32 
10 850 12 0.095 0.024 1.444 106.864 1530.59 98.4 10.4 0.0022  14.2561  44.16 0.33 
11 860 12 0.077 0.022 1.297 93.1 1343.87 98.6 9.1 0.0024  14.3881  44.56 0.33 
12 880 12 0.063 0.022 1.052 78.003 1132.80 98.7 7.6 0.0028  14.4794  44.84 0.33 
13 910 12 0.069 0.027 1.019 72.95 1060.56 98.5 7.1 0.0037  14.4620  44.79 0.33 
14 950 12 0.077 0.019 1.126 82.297 1187.01 98.4 8.0 0.0023  14.3473  44.43 0.33 
15 1000 12 0.075 0.023 1.181 86.493 1256.72 98.6 8.4 0.0027  14.4741  44.82 0.33 
16 1050 12 0.061 0.028 0.903 66.884 999.13 98.6 6.5 0.0042  14.8784  46.06 0.34 
17 1100 12 0.059 0.030 0.633 45.25 731.35 98.3 4.4 0.0066  15.6681  48.47 0.36 
18 1170 12 0.076 0.031 0.275 18.69 330.82 95.0 1.8 0.0165  16.8004  51.92 0.39 
19 1400 12 0.141 0.037 0.395 26.593 522.71 93.3 2.6 0.0139  18.4324  56.89 0.43 
 
306 
 
Beyene-UNLV, MB09FM-13, muscovite, 0.30 mg, J = 0.001701 ± 0.39%       
4 amu discrimination = 1.0600 ± 0.44%, 40/39K = 0.0205 ± 33.69%, 36/37Ca = 0.000267 ± 2.14%, 39/37Ca = 0.000691 ± 0.99%   
              
step T (C) t (min.) 36Ar  37Ar 38Ar 39Ar 40Ar %40Ar* % 39Ar rlsd Ca/K 40Ar*/39ArK Age (Ma)  1s.d. 
1 650 12 0.15 0.023 0.064 1.333 322.42 88.4 4.8 0.1822  214.3143  560.75 3.62 
2 720 12 0.024 0.020 0.028 1.561 419.24 99.5 5.6 0.1353  268.7682  679.23 4.01 
3 750 12 0.023 0.019 0.023 1.272 384.90 99.6 4.6 0.1577  302.7431  749.40 4.96 
4 770 12 0.011 0.014 0.018 1.101 380.28 99.9 4.0 0.1343  346.8672  836.64 4.77 
5 790 12 0.021 0.027 0.026 1.206 473.62 99.8 4.3 0.2364  394.5221  926.34 5.08 
6 810 12 0.015 0.018 0.030 1.59 734.58 100.0 5.7 0.1196  466.3687  1053.68 5.58 
7 820 12 0.015 0.016 0.020 1.238 585.99 99.9 4.5 0.1365  477.1349  1072.01 6.34 
8 830 12 0.017 0.024 0.025 1.103 518.82 100.0 4.0 0.2298  474.9900  1068.37 5.67 
9 840 12 0.018 0.017 0.015 1.004 466.15 99.9 3.6 0.1788  467.3264  1055.32 5.65 
10 850 12 0.018 0.021 0.017 0.954 440.14 99.9 3.4 0.2325  464.1872  1049.94 5.56 
11 860 12 0.014 0.018 0.018 0.874 401.39 100.0 3.1 0.2175  462.0072  1046.20 5.71 
12 880 12 0.013 0.017 0.015 1.038 469.57 100.0 3.7 0.1730  455.5864  1035.13 6.04 
13 910 12 0.018 0.020 0.020 1.523 680.72 100.0 5.5 0.1387  450.8733  1026.97 5.72 
14 950 12 0.022 0.020 0.035 2.039 930.33 99.8 7.3 0.1036  460.3174  1043.29 6.54 
15 1000 12 0.025 0.020 0.038 2.626 1292.24 99.8 9.5 0.0804  496.8334  1105.07 6.50 
16 1050 12 0.026 0.021 0.058 3.744 2049.03 99.9 13.5 0.0592  553.3318  1196.67 6.03 
17 1100 12 0.029 0.019 0.040 2.612 1668.06 99.8 9.4 0.0768  645.0329  1336.11 6.89 
18 1170 12 0.026 0.018 0.013 0.622 342.51 99.4 2.2 0.3056  547.2135  1186.97 6.49 
19 1400 12 0.034 0.019 0.019 0.322 49.73 90.7 1.2 0.6232  129.0617  358.05 3.06 
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Appendix I:  Ca/K ratio plots of dated Muscovite samples, Funeral Mountains 
308 
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 310 
 
Appendix J: Electron Ion Microprobe Analyses of dated Muscovite samples, Funeral 
Mountains, Death Valley, Southeastern California 
 
MB07FM-20 
Oxides          
SiO2 45.70 45.36 47.09 40.91 45.53 48.17 40.53 38.50 37.79 
TiO2 0.13 0.06 0.05 7.10 0.10 0.10 0.63 0.16 0.18 
Al2O3 33.56 32.76 31.99 26.78 28.97 27.91 28.78 27.42 27.05 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 1.66 3.50 2.41 1.70 2.80 2.32 3.13 1.11 1.33 
MnO 0.00 0.02 0.00 0.01 0.02 0.02 0.02 0.00 0.01 
MgO 1.04 0.92 1.39 1.39 1.47 2.48 0.78 0.82 0.94 
CaO 0.05 0.16 0.06 0.14 0.10 0.16 0.23 0.30 0.10 
Na2O 0.25 0.31 0.25 0.19 0.24 0.13 0.47 0.62 0.18 
K2O 10.46 9.65 10.21 8.40 9.97 10.29 9.24 8.03 8.31 
Total 92.85 92.74 93.45 86.61 89.19 91.59 83.80 76.95 75.89 
          
Cations          
Si 6.251 6.250 6.406 6.039 6.518 6.692 6.224 6.326 6.310 
Ti 0.013 0.006 0.005 0.788 0.011 0.011 0.072 0.019 0.022 
Al 5.411 5.320 5.129 4.660 4.889 4.571 5.209 5.309 5.323 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.190 0.403 0.274 0.209 0.335 0.270 0.402 0.153 0.186 
Mn 0.000 0.002 0.000 0.002 0.002 0.003 0.003 0.000 0.001 
Mg 0.212 0.189 0.283 0.305 0.313 0.515 0.178 0.200 0.233 
Ca 0.007 0.023 0.009 0.022 0.016 0.024 0.037 0.054 0.018 
Na 0.066 0.083 0.066 0.054 0.066 0.035 0.139 0.197 0.057 
K 1.825 1.697 1.773 1.582 1.821 1.823 1.811 1.683 1.770 
Total 13.976 13.973 13.944 13.661 13.971 13.942 14.074 13.940 13.921 
          
Formula          
Si 6.251 6.250 6.406 6.039 6.518 6.692 6.224 6.326 6.310 
Al 1.749 1.750 1.594 1.961 1.482 1.308 1.776 1.674 1.691 
Z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Al 3.662 3.570 3.535 2.698 3.407 3.262 3.432 3.635 3.632 
Ti 0.013 0.006 0.005 0.788 0.011 0.011 0.072 0.019 0.022 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.190 0.403 0.274 0.209 0.335 0.270 0.402 0.153 0.186 
Mn 0.000 0.002 0.000 0.002 0.002 0.003 0.003 0.000 0.001 
Mg 0.212 0.189 0.283 0.305 0.313 0.515 0.178 0.200 0.233 
Y 4.078 4.171 4.097 4.003 4.068 4.060 4.088 4.007 4.075 
Ca 0.007 0.023 0.009 0.022 0.016 0.024 0.037 0.054 0.018 
Na 0.066 0.083 0.066 0.054 0.066 0.035 0.139 0.197 0.057 
K 1.825 1.697 1.773 1.582 1.821 1.823 1.811 1.683 1.770 
X 1.898 1.802 1.847 1.658 1.903 1.882 1.987 1.933 1.845 
  
 
 
311 
MB07FM-20 --------------(Continued) 
Oxides 
          
SiO2 47.21 42.78 44.91 41.01 45.78 45.78 47.03 43.60 45.49 
TiO2 0.07 0.68 0.39 0.25 0.08 0.00 0.11 0.30 0.33 
Al2O3 28.68 30.46 35.86 30.97 31.02 29.95 30.12 34.18 34.25 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 2.33 3.13 1.18 1.43 2.35 3.73 2.94 2.33 0.32 
MnO 0.00 0.02 0.00 0.00 0.00 0.00 0.02 0.05 0.01 
MgO 2.13 0.84 0.38 0.60 0.98 1.54 1.73 0.65 0.59 
CaO 0.15 0.22 0.10 0.18 0.04 0.07 0.04 0.03 0.18 
Na2O 0.21 0.40 0.98 0.90 0.25 0.16 0.11 1.09 0.59 
K2O 9.88 9.48 8.78 7.67 10.09 9.89 10.57 9.28 9.71 
Total 90.67 88.01 92.58 83.02 90.59 91.11 92.68 91.52 91.47 
          
Cations          
Si 6.614 6.233 6.098 6.213 6.428 6.437 6.490 6.069 6.249 
Ti 0.008 0.074 0.040 0.029 0.009 0.000 0.012 0.032 0.034 
Al 4.735 5.232 5.739 5.530 5.135 4.964 4.898 5.607 5.546 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.273 0.382 0.135 0.182 0.276 0.438 0.340 0.271 0.037 
Mn 0.000 0.003 0.000 0.000 0.000 0.000 0.002 0.006 0.001 
Mg 0.446 0.182 0.078 0.136 0.205 0.322 0.357 0.135 0.121 
Ca 0.023 0.035 0.014 0.030 0.006 0.010 0.006 0.004 0.027 
Na 0.057 0.112 0.257 0.265 0.069 0.044 0.031 0.295 0.157 
K 1.766 1.762 1.521 1.482 1.807 1.775 1.861 1.647 1.701 
Total 13.922 14.014 13.881 13.867 13.935 13.990 13.996 14.067 13.873 
          
Formula          
Si 6.614 6.233 6.098 6.213 6.428 6.437 6.490 6.069 6.249 
Al 1.386 1.767 1.902 0.029 1.572 1.563 1.510 1.931 1.751 
Z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Al 3.349 3.464 3.837 5.530 3.563 3.401 3.388 3.676 3.795 
Ti 0.008 0.074 0.040 0.029 0.009 0.000 0.012 0.032 0.034 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.273 0.382 0.135 0.182 0.276 0.438 0.340 0.271 0.037 
Mn 0.000 0.003 0.000 0.000 0.000 0.000 0.002 0.006 0.001 
Mg 0.446 0.182 0.078 0.136 0.205 0.322 0.357 0.135 0.121 
Y 4.076 4.106 4.089 5.877 4.053 4.161 4.098 4.120 3.988 
Ca 0.023 0.035 0.014 0.030 0.006 0.010 0.006 0.004 0.027 
Na 0.057 0.112 0.257 0.265 0.069 0.044 0.031 0.295 0.157 
K 1.766 1.762 1.521 1.482 1.807 1.775 1.861 1.647 1.701 
X 1.846 1.909 1.792 1.777 1.882 1.828 1.898 1.946 1.885 
 312 
MB07FM-23 
Oxides          
SiO2 45.42 44.96 44.42 47.93 45.80 44.76 45.28 44.43 43.10 
TiO2 0.15 0.15 0.22 0.08 0.14 0.45 0.21 0.08 0.50 
Al2O3 33.53 33.60 33.12 29.19 31.88 34.89 33.14 32.33 34.24 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 3.05 3.30 3.14 3.13 3.14 2.30 2.90 2.88 2.37 
MnO 0.01 0.00 0.03 0.02 0.05 0.00 0.04 0.01 0.00 
MgO 0.92 0.79 0.69 2.17 1.20 0.55 0.91 0.83 0.59 
CaO 0.05 0.01 0.01 0.02 0.02 0.00 0.00 0.01 0.00 
Na2O 0.27 0.26 0.23 0.21 0.22 0.79 0.27 0.21 0.96 
K2O 10.47 10.57 10.40 9.32 10.42 9.17 10.53 10.28 9.62 
Total 93.87 0.00 92.06 77.82 92.89 92.89 91.06 77.84 91.38 
          
Cations          
Si 6.196 6.163 6.174 6.606 6.317 6.108 6.216 6.243 6.023 
Ti 0.016 0.016 0.023 0.008 0.014 0.046 0.022 0.008 0.053 
Al 5.391 5.429 5.427 4.742 5.183 5.611 5.362 5.355 5.641 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.348 0.378 0.365 0.360 0.362 0.262 0.333 0.338 0.276 
Mn 0.001 0.000 0.003 0.002 0.006 0.000 0.005 0.001 0.000 
Mg 0.187 0.161 0.143 0.446 0.246 0.111 0.186 0.174 0.123 
Ca 0.007 0.002 0.002 0.003 0.003 0.000 0.000 0.002 0.000 
Na 0.073 0.068 0.061 0.055 0.058 0.209 0.072 0.058 0.261 
K 1.823 1.849 1.845 1.639 1.833 1.596 1.845 1.842 1.716 
Total 14.041 14.066 14.043 13.862 14.023 13.943 14.040 14.021 14.092 
          
Formula          
Si 6.196 6.163 6.174 6.606 6.317 6.108 6.216 6.243 6.023 
Al 1.804 1.837 1.826 1.394 1.683 1.892 1.784 1.757 1.977 
Z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Al 3.587 3.592 3.601 3.348 3.501 3.719 3.578 3.598 3.664 
Ti 0.016 0.016 0.023 0.008 0.014 0.046 0.022 0.008 0.053 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.348 0.378 0.365 0.360 0.362 0.262 0.333 0.338 0.276 
Mn 0.001 0.000 0.003 0.002 0.006 0.000 0.005 0.001 0.000 
Mg 0.187 0.161 0.143 0.446 0.246 0.111 0.186 0.174 0.123 
Y 4.138 4.146 4.135 4.165 4.128 4.138 4.123 4.120 4.116 
Ca 0.007 0.002 0.002 0.003 0.003 0.000 0.000 0.002 0.000 
Na 0.073 0.068 0.061 0.055 0.058 0.209 0.072 0.058 0.261 
K 1.823 1.849 1.845 1.639 1.833 1.596 1.845 1.842 1.716 
X 1.903 1.919 1.908 1.697 1.894 1.805 1.917 1.902 1.977 
313 
MB07FM-23 --------------(Continued) 
Oxides      
SiO2 42.16 41.78 44.73 40.15 45.08 
TiO2 0.02 0.11 0.13 0.08 0.28 
Al2O3 32.60 29.78 31.34 25.75 32.95 
Cr2O3 0.00 0.00 0.00 0.00 0.00 
Fe2O3 0.00 0.00 0.00 0.00 0.00 
FeO 2.75 2.76 3.26 3.01 0.02 
MnO 0.00 0.01 0.00 0.00 0.00 
MgO 0.43 0.98 1.10 0.73 0.40 
CaO 0.12 0.02 0.01 0.04 0.00 
Na2O 0.43 0.25 0.25 0.21 0.15 
K2O 9.23 9.46 9.70 8.08 10.03 
Total 87.74 85.16 90.51 78.05 88.93 
      
Cations      
Si 6.128 6.275 6.314 6.545 6.357 
Ti 0.003 0.013 0.013 0.009 0.030 
Al 5.585 5.273 5.214 4.948 5.477 
Cr 0.000 0.000 0.000 0.000 0.000 
Fe3+ 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.334 0.346 0.384 0.411 0.002 
Mn 0.000 0.001 0.000 0.000 0.000 
Mg 0.094 0.221 0.231 0.177 0.084 
Ca 0.018 0.004 0.002 0.008 0.000 
Na 0.121 0.074 0.069 0.066 0.042 
K 1.712 1.813 1.746 1.680 1.805 
Total 13.995 14.019 13.974 13.845 13.798 
      
Formula      
Si 6.128 6.275 6.314 6.545 6.357 
Al 1.873 1.725 1.687 1.455 1.643 
Z 8.000 8.000 8.000 8.000 8.000 
Al 3.712 3.548 3.528 3.493 3.834 
Ti 0.003 0.013 0.013 0.009 0.030 
Fe3+ 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.334 0.346 0.384 0.411 0.002 
Mn 0.000 0.001 0.000 0.000 0.000 
Mg 0.094 0.221 0.231 0.177 0.084 
Y 4.143 4.128 4.156 4.091 3.951 
Ca 0.018 0.004 0.002 0.008 0.000 
Na 0.121 0.074 0.069 0.066 0.042 
K 1.712 1.813 1.746 1.680 1.805 
X 1.852 1.891 1.818 1.754 1.847 
 
314 
MB07FM-25 
Oxides          
SiO2 48.16 48.46 42.36 48.89 47.92 48.68 26.19 41.87 47.87 
TiO2 0.60 0.75 0.34 0.45 0.56 0.71 0.01 0.50 0.00 
Al2O3 28.08 28.32 23.64 22.59 27.80 28.64 21.41 22.87 13.51 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 1.33 1.30 1.61 1.22 1.53 1.31 0.07 0.97 0.06 
MnO 0.04 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00 
MgO 3.20 3.27 3.12 2.10 3.33 3.29 0.06 3.14 0.00 
CaO 0.01 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.01 
Na2O 0.07 0.08 0.10 2.62 0.08 0.08 0.04 0.06 7.67 
K2O 11.01 11.09 9.72 7.00 10.67 11.10 0.21 9.43 0.03 
Total 92.50 93.28 80.89 84.92 91.89 93.82 48.02 78.84 69.14 
          
Cations          
Si 6.627 6.612 6.689 7.190 6.632 6.602 6.360 6.749 8.283 
Ti 0.062 0.077 0.040 0.050 0.058 0.072 0.001 0.060 0.000 
Al 4.554 4.554 4.400 3.915 4.535 4.577 6.129 4.345 2.755 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.153 0.149 0.213 0.150 0.177 0.148 0.015 0.131 0.009 
Mn 0.005 0.000 0.000 0.000 0.000 0.002 0.005 0.000 0.000 
Mg 0.655 0.665 0.734 0.461 0.687 0.666 0.023 0.754 0.000 
Ca 0.001 0.000 0.001 0.006 0.001 0.000 0.000 0.000 0.002 
Na 0.018 0.022 0.032 0.748 0.021 0.021 0.018 0.018 2.573 
K 1.933 1.930 1.958 1.313 1.884 1.920 0.064 1.940 0.006 
Total 14.009 14.010 14.066 13.833 13.995 14.008 12.615 13.998 13.629 
          
Formula          
Si 6.627 6.612 6.689 7.190 6.632 6.602 6.360 6.749 8.283 
Al 1.373 1.388 1.311 0.810 1.368 1.398 1.640 1.251 (0.283) 
Z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Al 3.181 3.166 3.089 3.105 3.167 3.179 4.489 3.094 3.039 
Ti 0.062 0.077 0.040 0.050 0.058 0.072 0.001 0.060 0.000 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.153 0.149 0.213 0.150 0.177 0.148 0.015 0.131 0.009 
Mn 0.005 0.000 0.000 0.000 0.000 0.002 0.005 0.000 0.000 
Mg 0.655 0.665 0.734 0.461 0.687 0.666 0.023 0.754 0.000 
Y 4.057 4.058 4.076 3.766 4.090 4.067 4.534 4.040 3.048 
Ca 0.001 0.000 0.001 0.006 0.001 0.000 0.000 0.000 0.002 
Na 0.018 0.022 0.032 0.748 0.021 0.021 0.018 0.018 2.573 
K 1.933 1.930 1.958 1.313 1.884 1.920 0.064 1.940 0.006 
X 1.952 1.953 1.991 2.067 1.905 1.941 0.082 1.958 2.581 
 
315 
MB07FM-28 
Oxides          
SiO2 47.52 48.18 47.92 48.59 48.20 45.46 47.92 44.87 48.64 
TiO2 0.98 0.83 0.72 0.72 1.06 1.04 0.96 0.90 0.49 
Al2O3 28.13 28.69 29.38 27.95 28.14 26.63 28.20 26.18 27.30 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 1.53 1.67 1.73 1.50 1.57 1.36 1.41 1.45 1.52 
MnO 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
MgO 2.89 3.17 3.04 3.35 2.89 2.98 3.11 3.08 3.56 
CaO 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na2O 0.16 0.14 0.09 0.11 0.12 0.11 0.15 0.14 0.09 
K2O 10.66 10.82 10.83 10.69 10.94 9.84 10.85 10.03 10.45 
Total 91.89 93.50 93.73 92.92 92.92 87.42 92.60 86.64 92.05 
          
Cations          
Si 6.583 6.564 6.513 6.645 6.609 6.601 6.588 6.594 6.704 
Ti 0.102 0.085 0.074 0.074 0.109 0.114 0.099 0.100 0.051 
Al 4.593 4.607 4.707 4.505 4.548 4.556 4.570 4.534 4.436 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.177 0.191 0.196 0.171 0.180 0.165 0.162 0.178 0.175 
Mn 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 
Mg 0.598 0.643 0.617 0.684 0.591 0.645 0.638 0.675 0.731 
Ca 0.003 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
Na 0.044 0.037 0.025 0.030 0.033 0.031 0.039 0.039 0.024 
K 1.884 1.880 1.879 1.866 1.914 1.822 1.903 1.880 1.837 
Total 13.983 14.006 14.012 13.976 13.982 13.934 13.999 13.999 13.958 
          
Formula          
Si 6.583 6.564 6.513 6.645 6.609 6.601 6.588 6.594 6.704 
Al 1.417 1.437 1.487 1.355 1.391 1.399 1.412 1.406 1.296 
Z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Al 3.176 3.170 3.220 3.150 3.156 3.157 3.158 3.128 3.140 
Ti 0.102 0.085 0.074 0.074 0.109 0.114 0.099 0.100 0.051 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.177 0.191 0.196 0.171 0.180 0.165 0.162 0.178 0.175 
Mn 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 
Mg 0.598 0.643 0.617 0.684 0.591 0.645 0.638 0.675 0.731 
Y 2.579 2.527 2.603 2.467 2.565 2.513 2.520 2.453 2.409 
Ca 0.003 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
Na 0.044 0.037 0.025 0.030 0.033 0.031 0.039 0.039 0.024 
K 1.884 1.880 1.879 1.866 1.914 1.822 1.903 1.880 1.837 
X 1.931 1.917 1.904 1.896 1.947 1.854 1.942 1.919 1.861 
 
316 
MB07FM-28 --------------(Continued) 
Oxides          
SiO2 43.54 48.03 45.90 47.51 47.30 47.78 49.70 48.76 50.88 
TiO2 0.99 0.86 1.20 0.81 0.87 0.77 0.56 0.56 0.65 
Al2O3 26.05 26.39 28.14 30.32 27.92 27.27 27.01 28.31 28.27 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 1.42 1.42 1.57 1.68 1.69 1.73 1.70 1.53 1.45 
MnO 0.02 0.03 0.00 0.02 0.00 0.00 0.00 0.00 0.00 
MgO 2.84 3.13 2.96 2.85 2.98 3.61 3.96 3.65 3.75 
CaO 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na2O 0.15 0.10 0.15 0.16 0.10 0.07 0.10 0.12 0.06 
K2O 9.94 10.87 10.71 11.05 10.89 10.74 10.97 10.78 10.78 
Total 84.96 90.83 90.62 94.41 91.75 91.97 93.98 93.71 95.83 
          
Cations          
Si 6.535 6.734 6.471 6.424 6.579 6.624 6.733 6.616 6.725 
Ti 0.112 0.091 0.127 0.082 0.091 0.080 0.057 0.058 0.065 
Al 4.609 4.361 4.676 4.832 4.577 4.457 4.313 4.528 4.404 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.178 0.166 0.185 0.190 0.197 0.201 0.193 0.174 0.160 
Mn 0.003 0.004 0.000 0.003 0.000 0.000 0.000 0.000 0.000 
Mg 0.636 0.654 0.622 0.575 0.618 0.746 0.799 0.739 0.739 
Ca 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.045 0.027 0.042 0.041 0.027 0.018 0.025 0.031 0.014 
K 1.903 1.945 1.926 1.907 1.933 1.900 1.896 1.867 1.818 
Total 14.022 13.981 14.048 14.053 14.022 14.026 14.015 14.012 13.924 
          
Formula          
Si 6.535 6.734 6.471 6.424 6.579 6.624 6.733 6.616 6.725 
Al 1.465 1.266 1.529 1.577 1.421 1.376 1.267 1.384 1.275 
Z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Al 3.144 3.095 3.147 3.255 3.157 3.081 3.045 3.144 3.129 
Ti 0.112 0.091 0.127 0.082 0.091 0.080 0.057 0.058 0.065 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.178 0.166 0.185 0.190 0.197 0.201 0.193 0.174 0.160 
Mn 0.003 0.004 0.000 0.003 0.000 0.000 0.000 0.000 0.000 
Mg 0.636 0.654 0.622 0.575 0.618 0.746 0.799 0.739 0.739 
Y 2.508 2.441 2.525 2.680 2.539 2.335 2.246 2.405 2.390 
Ca 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.045 0.027 0.042 0.041 0.027 0.018 0.025 0.031 0.014 
K 1.903 1.945 1.926 1.907 1.933 1.900 1.896 1.867 1.818 
X 1.949 1.971 1.968 1.948 1.960 1.918 1.922 1.898 1.832 
 
317 
MB07FM-30 
Oxides     
SiO2 45.09 46.21 45.82 45.91 
TiO2 0.69 0.94 0.50 2.03 
Al2O3 27.72 30.52 32.13 29.85 
Cr2O3 0.00 0.00 0.00 0.00 
Fe2O3 0.00 0.00 0.00 0.00 
FeO 1.51 1.54 2.31 1.73 
MnO 0.00 0.02 0.08 0.03 
MgO 2.54 2.33 1.39 2.79 
CaO 0.01 0.00 0.00 0.00 
Na2O 0.22 0.23 0.39 0.29 
K2O 10.10 10.88 9.43 10.59 
Total 87.87 92.67 92.05 93.22 
     
Cations     
Si 6.529 6.365 6.313 6.300 
Ti 0.075 0.098 0.051 0.209 
Al 4.731 4.954 5.219 4.829 
Cr 0.000 0.000 0.000 0.000 
Fe3+ 0.000 0.000 0.000 0.000 
Fe2+ 0.183 0.177 0.266 0.199 
Mn 0.000 0.002 0.010 0.003 
Mg 0.549 0.478 0.286 0.570 
Ca 0.002 0.000 0.000 0.000 
Na 0.063 0.063 0.104 0.078 
K 1.865 1.912 1.658 1.854 
Total 13.995 14.048 13.907 14.042 
     
Formula     
Si 6.529 6.365 6.313 6.300 
Al 1.471 1.635 1.687 1.700 
Z 8.000 8.000 8.000 8.000 
Al 3.259 3.319 3.532 3.129 
Ti 0.075 0.098 0.051 0.209 
Fe3+ 0.000 0.000 0.000 0.000 
Fe2+ 0.183 0.177 0.266 0.199 
Mn 0.000 0.002 0.010 0.003 
Mg 0.549 0.478 0.286 0.570 
Y 4.066 4.074 4.145 4.111 
Ca 0.002 0.000 0.000 0.000 
Na 0.063 0.063 0.104 0.078 
K 1.865 1.912 1.658 1.854 
X 1.930 1.974 1.762 1.932 
 
318 
MB07FM-31 
Oxides       
SiO2 46.92 48.24 43.41 46.35 47.54 48.44 
TiO2 0.63 0.32 0.46 0.67 0.63 0.27 
Al2O3 30.61 30.29 25.50 27.66 31.22 28.71 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2O3 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 1.37 1.08 0.84 1.38 1.20 1.33 
MnO 0.00 0.00 0.01 0.03 0.00 0.03 
MgO 2.55 2.77 2.49 3.21 2.56 3.08 
CaO 0.00 0.02 0.02 0.00 0.00 0.02 
Na2O 0.27 0.13 0.16 0.17 0.29 0.18 
K2O 10.55 10.74 9.00 10.72 10.83 10.52 
Total 92.91 93.60 81.88 90.19 94.28 92.58 
      
 
Cations       
Si 6.418 6.529 6.682 6.555 6.407 6.6321 
Ti 0.065 0.033 0.053 0.071 0.064 0.0277 
Al 4.934 4.832 4.626 4.610 4.959 4.6338 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.157 0.123 0.108 0.163 0.136 0.1524 
Mn 0.000 0.000 0.002 0.004 0.000 0.0032 
Mg 0.521 0.558 0.572 0.676 0.515 0.6282 
Ca 0.000 0.003 0.003 0.000 0.000 0.0031 
Na 0.071 0.035 0.047 0.048 0.075 0.0479 
K 1.840 1.855 1.767 1.935 1.862 1.8377 
Total 14.006 13.967 13.860 14.061 14.018 13.966 
      
 
Formula       
Si 6.418 6.529 6.682 6.555 6.407 6.6321 
Al 1.582 1.472 1.318 1.445 1.593 1.368 
Z 8.000 8.000 8.000 8.000 8.000 8.000 
Al 3.352 3.361 3.308 3.164 3.366 3.266 
Ti 0.065 0.033 0.053 0.071 0.064 0.0277 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.157 0.123 0.108 0.163 0.136 0.1524 
Mn 0.000 0.000 0.002 0.004 0.000 0.0032 
Mg 0.521 0.558 0.572 0.676 0.515 0.6282 
Y 4.095 4.075 4.042 4.078 4.081 4.077 
Ca 0.000 0.003 0.003 0.000 0.000 0.0031 
Na 0.071 0.035 0.047 0.048 0.075 0.0479 
K 1.840 1.855 1.767 1.935 1.862 1.8377 
X 1.912 1.893 1.817 1.982 1.937 1.889 
 
 
 
 
319 
MB07FM-31--------------(Continued) 
Oxides       
SiO2 48.41 45.16 40.57 42.13 47.00 48.44 
TiO2 0.28 0.74 0.56 0.59 0.45 0.27 
Al2O3 28.93 30.90 26.59 27.59 29.44 28.71 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2O3 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 1.03 1.15 0.82 0.94 1.24 1.33 
MnO 0.02 0.00 0.00 0.01 0.01 0.03 
MgO 3.06 2.15 1.85 2.34 3.03 3.08 
CaO 0.00 0.01 0.00 0.01 0.00 0.02 
Na2O 0.15 0.26 0.27 0.13 0.26 0.18 
K2O 10.70 10.42 8.71 9.77 10.62 10.52 
Total 92.58 90.79 79.38 83.48 92.05 92.58 
       
Cations       
Si 6.624 6.323 6.455 6.4118 6.4905 6.6321 
Ti 0.028 0.078 0.067 0.067 0.0471 0.0277 
Al 4.665 5.099 4.987 4.9487 4.7913 4.6338 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.118 0.135 0.110 0.1193 0.1426 0.1524 
Mn 0.002 0.000 0.000 0.001 0.0009 0.0032 
Mg 0.623 0.448 0.439 0.5309 0.6239 0.6282 
Ca 0.000 0.001 0.000 0.001 0 0.0031 
Na 0.040 0.072 0.084 0.0376 0.0703 0.0479 
K 1.869 1.862 1.768 1.8964 1.8706 1.8377 
Total 13.969 14.017 13.910 14.014 14.037 13.966 
       
Formula       
Si 6.624 6.323 6.455 6.4118 6.4905 6.6321 
Al 1.376 1.677 1.545 1.588 1.510 1.368 
Z 8.000 8.000 8.000 8.000 8.000 8.000 
Al 3.289 3.422 3.442 3.361 3.282 3.266 
Ti 0.028 0.078 0.067 0.067 0.0471 0.0277 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.118 0.135 0.110 0.1193 0.1426 0.1524 
Mn 0.002 0.000 0.000 0.001 0.0009 0.0032 
Mg 0.623 0.448 0.439 0.5309 0.6239 0.6282 
Y 4.061 4.082 4.058 4.079 4.096 4.077 
Ca 0.000 0.001 0.000 0.001 0 0.0031 
Na 0.040 0.072 0.084 0.0376 0.0703 0.0479 
K 1.869 1.862 1.768 1.8964 1.8706 1.8377 
X 1.909 1.934 1.852 1.935 1.941 1.889 
 
 
 
320 
MB07FM-32 
Oxides      
SiO2 44.96 45.5017 45.69 43.68 45.72 
TiO2 0.19 0.3815 0.33 0.27 0.12 
Al2O3 36.74 35.1575 36.01 33.84 36.73 
Cr2O3 0.00 0.00 0.00 0.00 0.00 
Fe2O3 0.00 0.00 0.00 0.00 0.00 
FeO 0.14 0.1222 0.16 0.22 0.12 
MnO 0.00 0.0032 0.00 0.00 0.02 
MgO 0.53 1.1016 0.69 0.80 0.68 
CaO 0.03 0.016 0.00 0.05 0.02 
Na2O 0.99 0.9117 1.08 0.96 1.11 
K2O 9.23 9.289 9.25 9.06 9.35 
Total 92.81 92.48 93.20 88.88 93.88 
      
Cations      
Si 7.681 6.147 6.349 6.105 6.127 
Ti 0.014 0.021 0.033 0.012 0.041 
Al 3.952 5.690 5.428 5.781 5.689 
Cr 0.000 0.000 0.000 0.000 0.000 
Fe3+ 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.038 0.013 0.026 0.014 0.017 
Mn 0.001 0.000 0.000 0.003 0.000 
Mg 0.037 0.137 0.150 0.135 0.169 
Ca 0.070 0.006 0.000 0.002 0.000 
Na 0.788 0.293 0.237 0.288 0.273 
K 0.282 1.654 1.599 1.592 1.617 
Total 12.864 13.961 13.821 13.933 13.932 
      
Formula      
Si 7.681 6.147 6.349 6.105 6.127 
Al 0.319 1.853 1.651 1.895 1.873 
Z 8.000 8.000 8.000 8.000 8.000 
Al 3.633 3.836 3.777 3.886 3.816 
Ti 0.014 0.021 0.033 0.012 0.041 
Fe3+ 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.038 0.013 0.026 0.014 0.017 
Mn 0.001 0.000 0.000 0.003 0.000 
Mg 0.037 0.137 0.150 0.135 0.169 
Y 3.723 4.008 3.986 4.050 4.043 
Ca 0.070 0.006 0.000 0.002 0.000 
Na 0.788 0.293 0.237 0.288 0.273 
K 0.282 1.654 1.599 1.592 1.617 
X 1.141 1.953 1.836 1.883 1.890 
 
321 
MB07FM-32 --------------(Continued) 
Oxides      
SiO2 45.41 46.08 45.32 45.92 45.32 
TiO2 0.40 0.43 0.33 0.54 0.36 
Al2O3 35.77 34.62 33.83 34.99 35.89 
Cr2O3 0.00 0.00 0.00 0.00 0.00 
Fe2O3 0.00 0.00 0.00 0.00 0.00 
FeO 0.15 0.21 0.17 0.17 0.38 
MnO 0.00 0.00 0.00 0.00 0.00 
MgO 0.84 0.99 0.97 1.23 0.42 
CaO 0.00 0.00 0.00 0.00 0.02 
Na2O 1.04 0.94 0.83 0.72 0.63 
K2O 9.40 9.30 9.78 10.06 9.82 
Total 93.02 92.57 91.22 93.62 92.82 
      
Cations      
Si 6.238 6.241 6.175 6.137 6.070 
Ti 0.043 0.022 0.000 0.000 0.019 
Al 5.525 5.515 5.546 5.728 0.000 
Cr 0.000 0.000 0.000 0.000 0.000 
Fe3+ 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.024 0.107 0.020 0.043 0.016 
Mn 0.000 0.000 0.000 0.000 0.000 
Mg 0.199 0.151 0.246 0.085 0.107 
Ca 0.000 0.051 0.000 0.002 0.004 
Na 0.247 0.293 0.187 0.165 0.259 
K 1.607 1.492 1.727 1.696 1.590 
Total 13.883 13.872 13.900 13.856 8.065 
      
Formula      
Si 6.238 6.241 6.175 6.137 6.070 
Al 1.762 1.760 1.825 1.863 1.930 
Z 8.000 8.000 8.000 8.000 8.000 
Al 3.763 3.756 3.721 3.865 (1.930) 
Ti 0.043 0.022 0.000 0.000 0.019 
Fe3+ 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.024 0.107 0.020 0.043 0.016 
Mn 0.000 0.000 0.000 0.000 0.000 
Mg 0.199 0.151 0.246 0.085 0.107 
Y 4.029 4.036 3.986 3.993 0.126 
Ca 0.000 0.051 0.000 0.002 0.004 
Na 0.247 0.293 0.187 0.165 0.259 
K 1.607 1.492 1.727 1.696 1.590 
X 1.854 1.836 1.914 1.863 1.853 
 
322 
MB07FM-33 
Oxides          
SiO2 45.65 45.88 45.37 45.97 47.88 46.32 45.06 43.61 46.48 
TiO2 0.38 0.43 0.12 0.94 0.27 0.66 0.89 0.36 1.09 
Al2O3 33.99 29.22 36.69 30.91 30.18 29.57 31.15 28.61 31.62 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.10 0.99 0.11 1.21 1.22 1.09 1.30 0.94 1.19 
MnO 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 
MgO 1.12 2.59 0.59 2.40 2.77 2.19 2.22 2.05 2.19 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 
Na2O 0.81 0.12 1.15 0.17 0.03 0.14 0.21 0.09 0.20 
K2O 10.05 10.55 9.30 11.28 10.99 10.54 10.81 10.05 10.93 
Total 92.10 89.78 93.33 92.88 93.34 90.52 91.68 85.71 93.72 
          
Cations          
Si 6.07 7.68 9.77 6.30 6.22 5.63 6.32 6.22 4.36 
Ti 0.02 0.01 0.43 0.02 0.03 0.03 0.02 0.03 0.01 
Al 5.85 3.95 0.00 5.43 5.42 4.75 5.43 5.56 7.61 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2+ 0.02 0.04 0.29 0.03 0.09 0.05 0.03 0.03 0.03 
Mn 0.00 0.00 0.21 0.00 0.00 0.02 0.00 0.00 0.00 
Mg 0.11 0.04 0.43 0.26 0.30 1.32 0.18 0.19 0.02 
Ca 0.00 0.07 0.66 0.01 0.12 1.38 0.00 0.01 1.67 
Na 0.26 0.79 0.00 0.25 0.26 0.25 0.38 0.18 0.21 
K 1.59 0.28 0.00 1.58 1.47 1.29 1.52 1.67 0.04 
Total 13.91 12.86 11.79 13.87 13.91 14.73 13.89 13.89 13.95 
          
Formula          
Si 6.07 7.68 9.77 6.30 6.22 5.63 6.32 6.22 4.36 
Al 1.93 0.32 (1.77) 1.70 1.78 2.37 1.68 1.78 3.64 
Z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Al 3.92 3.63 1.77 3.73 3.64 2.39 3.76 3.78 3.97 
Ti 0.02 0.01 0.43 0.02 0.03 0.03 0.02 0.03 0.01 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.02 0.04 0.29 0.03 0.09 0.05 0.03 0.03 0.03 
Mn 0.00 0.00 0.21 0.00 0.00 0.02 0.00 0.00 0.00 
Mg 0.11 0.04 0.43 0.26 0.30 1.32 0.18 0.19 0.02 
Y 4.06 3.72 3.13 4.04 4.05 3.81 3.99 4.03 4.04 
Ca 0.00 0.07 0.66 0.01 0.12 1.38 0.00 0.01 1.67 
Na 0.26 0.79 0.00 0.25 0.26 0.25 0.38 0.18 0.21 
K 1.59 0.28 0.00 1.58 1.47 1.29 1.52 1.67 0.04 
X 1.85 1.14 0.66 1.83 1.86 2.92 1.90 1.86 1.91 
323 
MB07FM-33 --------------(Continued) 
Oxides         
SiO2 46.50  45.62  47.12  46.30  46.66  46.09  47.16  45.52  
TiO2 1.30  0.93  0.34  0.17  0.13  1.20  0.17  0.87  
Al2O3 29.60  31.51  31.43  29.91  32.37  30.80  32.79  31.09  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 1.20  1.39  0.83  0.95  0.86  1.23  0.68  1.11  
MnO 0.00  0.00  0.01  0.00  0.02  0.00  0.00  0.04  
MgO 2.66  2.27  2.04  1.39  1.57  2.36  1.51  2.22  
CaO 0.00  0.00  0.00  0.00  0.01  0.00  0.00  0.00  
Na2O 0.22  0.18  0.09  0.03  0.08  0.19  0.09  0.21  
K2O 10.93  10.89  10.39  10.43  10.67  10.72  10.60  10.60  
Total 92.40  92.79  92.26  89.17  92.37  92.59  92.99  91.66  
         
Cations         
Si 6.29  6.14  6.35  6.11  6.13  6.24  6.25  6.18  
Ti 0.04  0.03  0.03  0.01  0.04  0.04  0.03  0.05  
Al 5.45  5.71  5.43  5.78  5.69  5.52  5.50  5.55  
Cr 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe3+ 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2+ 0.03  0.02  0.03  0.01  0.02  0.02  0.02  0.02  
Mn 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Mg 0.19  0.14  0.15  0.14  0.17  0.20  0.20  0.25  
Ca 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Na 0.21  0.28  0.24  0.29  0.27  0.25  0.22  0.19  
K 1.67  1.59  1.60  1.59  1.62  1.61  1.72  1.73  
Total 13.89  13.90  13.82  13.93  13.93  13.88  13.94  13.95  
         
Formula         
Si 6.29  6.14  6.35  6.11  6.13  6.24  6.25  6.18  
Al 1.71  1.86  1.65  1.89  1.87  1.76  1.75  1.82  
Z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Al 3.74  3.85  3.78  3.89  3.82  3.76  3.75  3.72  
Ti 0.04  0.03  0.03  0.01  0.04  0.04  0.03  0.05  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.03  0.02  0.03  0.01  0.02  0.02  0.02  0.02  
Mn 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Mg 0.19  0.14  0.15  0.14  0.17  0.20  0.20  0.25  
Y 4.00  4.04  3.99  4.05  4.04  4.03  4.00  4.04  
Ca 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Na 0.21  0.28  0.24  0.29  0.27  0.25  0.22  0.19  
K 1.67  1.59  1.60  1.59  1.62  1.61  1.72  1.73  
X 1.89  1.87  1.84  1.88  1.89  1.85  1.94  1.91  
 
324 
MB07FM-36 
Oxides           
SiO2 45.58  47.12  43.95  44.38  44.87  43.43  43.54  45.08  44.24  43.86  
TiO2 0.55  0.59  0.12  0.13  0.54  0.45  0.56  0.70  1.29  0.36  
Al2O3 35.86  35.53  36.98  37.01  35.97  34.65  34.33  34.42  35.38  36.65  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 0.18  0.21  0.05  0.04  0.14  0.08  0.09  0.16  0.10  0.12  
MnO 0.00  0.00  0.00  0.00  0.02  0.00  0.00  0.03  0.00  0.00  
MgO 0.65  0.90  0.17  0.24  0.49  0.43  0.36  0.89  0.49  0.22  
CaO 0.01  0.00  0.04  0.05  0.03  0.00  0.02  0.01  0.00  0.23  
Na2O 1.23  0.92  1.65  1.51  1.08  1.15  1.18  0.91  1.09  1.33  
K2O 8.86  9.32  7.47  7.79  8.92  8.60  8.42  9.42  8.58  8.83  
Total 92.91  94.58  90.42  91.14  92.06  88.79  88.49  91.60  91.18  91.61  
           
Cations           
Si 6.138  6.234  6.037  6.055  6.101  6.121  6.150  6.181  6.071  6.006  
Ti 0.056  0.059  0.012  0.013  0.055  0.047  0.059  0.072  0.133  0.037  
Al 5.693  5.541  5.988  5.952  5.766  5.757  5.715  5.563  5.723  5.916  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.020  0.023  0.006  0.004  0.016  0.009  0.010  0.018  0.012  0.014  
Mn 0.000  0.000  0.000  0.000  0.002  0.000  0.001  0.003  0.000  0.000  
Mg 0.130  0.177  0.034  0.048  0.100  0.091  0.075  0.182  0.100  0.046  
Ca 0.001  0.000  0.006  0.007  0.004  0.000  0.003  0.001  0.000  0.035  
Na 0.322  0.236  0.440  0.399  0.284  0.314  0.322  0.242  0.289  0.352  
K 1.522  1.574  1.310  1.356  1.548  1.546  1.517  1.648  1.503  1.542  
Total 13.882  13.842  13.832  13.834  13.877  13.884  13.853  13.910  13.830  13.947  
           
Formula           
Si 6.138  6.234  6.037  6.055  6.101  6.121  6.150  6.181  6.071  6.006  
Al 1.862 1.766 1.963 1.946 1.899 1.880 1.850 1.819 1.929 1.994 
Z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Al 3.831  3.774  4.025  4.006  3.867  3.877  3.866  3.745  3.794  3.922  
Ti 0.056  0.059  0.012  0.013  0.055  0.047  0.059  0.072  0.133  0.037  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.020  0.023  0.006  0.004  0.016  0.009  0.010  0.018  0.012  0.014  
Mn 0.000  0.000  0.000  0.000  0.002  0.000  0.001  0.003  0.000  0.000  
Mg 0.130  0.177  0.034  0.048  0.100  0.091  0.075  0.182  0.100  0.046  
Y 4.037  4.033  4.076  4.072  4.041  4.024  4.011  4.019  4.038  4.018  
Ca 0.001  0.000  0.006  0.007  0.004  0.000  0.003  0.001  0.000  0.035  
Na 0.322  0.236  0.440  0.399  0.284  0.314  0.322  0.242  0.289  0.352  
K 1.522  1.574  1.310  1.356  1.548  1.546  1.517  1.648  1.503  1.542  
X 1.845  1.809  1.756  1.762  1.836  1.860  1.842  1.891  1.792  1.929  
 
325 
MB07FM-36--------------(Continued) 
Oxides           
SiO2 45.35  44.59  45.47  46.49  44.40  45.23  45.85  46.40  44.64  44.48  
TiO2 0.29  0.44  0.78  0.56  0.38  0.20  0.70  0.69  0.48  0.34  
Al2O3 34.17  36.99  34.82  36.83  36.82  37.52  34.70  33.72  36.32  36.53  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 0.24  0.16  0.15  0.11  0.10  0.08  0.19  0.14  0.07  0.11  
MnO 0.00  0.02  0.00  0.00  0.03  0.00  0.00  0.05  0.02  0.04  
MgO 1.31  0.32  0.93  0.52  0.21  0.23  1.18  1.11  0.38  0.24  
CaO 0.00  0.01  0.00  0.00  0.02  0.00  0.00  0.00  0.05  0.00  
Na2O 0.92  1.35  0.92  1.22  1.41  1.55  0.93  0.95  1.41  1.19  
K2O 9.22  8.86  9.30  9.18  8.32  8.63  9.39  9.36  8.80  8.25  
Total 91.51  92.74  92.37  94.90  91.69  93.44  92.93  92.42  92.17  91.17  
           
Cations           
Si 6.217  6.025  6.174  6.130  6.045  6.048  6.192  6.295  6.066  6.080  
Ti 0.030  0.045  0.079  0.056  0.039  0.020  0.071  0.070  0.049  0.035  
Al 5.522  5.890  5.574  5.724  5.908  5.914  5.523  5.392  5.817  5.885  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.028  0.018  0.017  0.012  0.012  0.009  0.021  0.016  0.009  0.013  
Mn 0.000  0.002  0.000  0.000  0.003  0.000  0.000  0.006  0.002  0.005  
Mg 0.268  0.063  0.189  0.102  0.042  0.046  0.237  0.225  0.077  0.048  
Ca 0.000  0.001  0.000  0.000  0.003  0.000  0.000  0.000  0.007  0.001  
Na 0.244  0.355  0.242  0.313  0.372  0.403  0.243  0.249  0.371  0.316  
K 1.613  1.527  1.611  1.544  1.445  1.472  1.618  1.620  1.526  1.440  
Total 
13.92
0  
13.92
6  
13.88
6  
13.88
1  
13.87
0  
13.91
2  
13.90
6  
13.87
3  
13.92
5  
13.82
1  
           
Formul
a           
Si 6.217  6.025  6.174  6.130  6.045  6.048  6.192  6.295  6.066  6.080  
Al 1.783 1.975 1.826 1.870 1.955 1.952 1.808 1.705 1.934 1.920 
Z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Al 3.738  3.915  3.748  3.854  3.954  3.962  3.715  3.687  3.884  3.965  
Ti 0.030  0.045  0.079  0.056  0.039  0.020  0.071  0.070  0.049  0.035  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.028  0.018  0.017  0.012  0.012  0.009  0.021  0.016  0.009  0.013  
Mn 0.000  0.002  0.000  0.000  0.003  0.000  0.000  0.006  0.002  0.005  
Mg 0.268  0.063  0.189  0.102  0.042  0.046  0.237  0.225  0.077  0.048  
Y 4.064  4.044  4.033  4.024  4.050  4.037  4.045  4.004  4.020  4.065  
Ca 0.000  0.001  0.000  0.000  0.003  0.000  0.000  0.000  0.007  0.001  
Na 0.244  0.355  0.242  0.313  0.372  0.403  0.243  0.249  0.371  0.316  
K 1.613  1.527  1.611  1.544  1.445  1.472  1.618  1.620  1.526  1.440  
X 1.856  1.882  1.853  1.857  1.821  1.875  1.862  1.869  1.905  1.756  
 
326 
MB07FM-39 
Oxides           
SiO2 47.21  46.24  47.49  44.30  44.11  45.55  45.44  45.59  45.46  44.83  
TiO2 0.64  0.41  0.45  0.27  0.33  0.53  0.41  0.61  0.44  0.15  
Al2O3 33.84  36.93  35.09  38.05  35.43  35.88  35.83  34.84  35.58  35.38  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 0.19  0.17  0.17  0.18  0.09  0.12  0.13  0.23  0.28  0.28  
MnO 0.04  0.00  0.00  0.03  0.00  0.03  0.02  0.00  0.02  0.05  
MgO 1.64  0.46  1.54  0.33  0.64  0.55  0.60  0.92  0.68  0.69  
CaO 0.00  0.04  0.00  0.92  0.03  0.00  0.02  0.00  0.01  0.01  
Na2O 0.80  1.36  0.80  1.51  1.06  1.22  0.94  1.06  1.24  1.22  
K2O 9.64  8.51  9.54  7.89  8.74  8.88  9.17  9.03  8.77  8.48  
Total 93.99  94.11  95.09  93.48  90.43  92.75  92.57  92.29  92.47  91.09  
           
Cations           
Si 6.304  6.129  6.256  5.927  6.102  6.144  6.146  6.189  6.152  6.151  
Ti 0.064  0.041  0.045  0.027  0.034  0.054  0.041  0.063  0.045  0.016  
Al 5.325  5.769  5.448  6.001  5.777  5.704  5.712  5.575  5.676  5.721  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.021  0.019  0.019  0.020  0.010  0.013  0.015  0.026  0.031  0.032  
Mn 0.004  0.000  0.000  0.003  0.000  0.004  0.003  0.000  0.002  0.006  
Mg 0.326  0.091  0.303  0.067  0.132  0.110  0.122  0.186  0.137  0.142  
Ca 0.000  0.005  0.000  0.132  0.005  0.000  0.004  0.000  0.001  0.001  
Na 0.207  0.350  0.205  0.392  0.286  0.318  0.246  0.279  0.326  0.325  
K 1.642  1.438  1.603  1.346  1.544  1.528  1.583  1.564  1.515  1.484  
Total 13.894  13.840  13.879  13.915  13.890  13.874  13.871  13.882  13.885  13.877  
           
Formula           
Si 6.304  6.129  6.256  5.927  6.102  6.144  6.146  6.189  6.152  6.151  
Al 1.696  1.871  1.744  2.073  1.898  1.857  1.854  1.811  1.848  1.849  
Z 8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  
Al 3.629  3.897  3.704  3.928  3.879  3.847  3.858  3.764  3.828  3.872  
Ti 0.064  0.041  0.045  0.027  0.034  0.054  0.041  0.063  0.045  0.016  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.021  0.019  0.019  0.020  0.010  0.013  0.015  0.026  0.031  0.032  
Mn 0.004  0.000  0.000  0.003  0.000  0.004  0.003  0.000  0.002  0.006  
Mg 0.326  0.091  0.303  0.067  0.132  0.110  0.122  0.186  0.137  0.142  
Y 4.045  4.047  4.071  4.044  4.056  4.028  4.038  4.039  4.044  4.067  
Ca 0.000  0.005  0.000  0.132  0.005  0.000  0.004  0.000  0.001  0.001  
Na 0.207  0.350  0.205  0.392  0.286  0.318  0.246  0.279  0.326  0.325  
K 1.642  1.438  1.603  1.346  1.544  1.528  1.583  1.564  1.515  1.484  
X 1.849  1.793  1.808  1.871  1.834  1.846  1.833  1.843  1.842  1.809  
 
 
 
 
327 
MB07FM-39--------------(Continued) 
Oxides           
SiO2 44.50  44.47  45.68  44.30  44.77  44.86  46.38  46.40  46.20  45.86  
TiO2 0.40  0.35  0.27  0.48  0.45  0.31  0.53  0.46  0.36  0.31  
Al2O3 36.30  35.11  32.36  35.16  36.57  36.31  34.32  33.61  37.74  37.56  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 0.09  0.14  0.25  0.20  0.11  0.22  0.08  0.40  0.08  0.12  
MnO 0.00  0.00  0.00  0.00  0.00  0.02  0.00  0.02  0.00  0.00  
MgO 0.39  0.63  2.06  0.55  0.34  0.53  1.29  1.33  0.31  0.32  
CaO 0.00  0.00  0.00  0.01  0.02  0.00  0.02  0.00  0.00  0.00  
Na2O 1.03  1.31  0.42  1.10  1.19  1.34  0.15  0.87  1.43  1.38  
K2O 9.09  9.17  10.16  9.05  8.02  8.76  10.85  9.42  8.33  8.59  
Total 91.81  91.19  91.21  90.84  91.46  92.35  93.61  92.51  94.44  94.12  
           
Cations           
Si 6.072  6.125  6.314  6.118  6.089  6.083  6.248  6.298  6.091  6.079  
Ti 0.041  0.037  0.029  0.050  0.046  0.031  0.053  0.047  0.035  0.030  
Al 5.838  5.700  5.272  5.723  5.863  5.803  5.450  5.376  5.864  5.868  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.011  0.016  0.029  0.023  0.012  0.024  0.009  0.045  0.008  0.013  
Mn 0.000  0.000  0.000  0.000  0.000  0.003  0.000  0.002  0.000  0.000  
Mg 0.080  0.130  0.425  0.113  0.068  0.108  0.260  0.269  0.061  0.063  
Ca 0.000  0.000  0.000  0.001  0.003  0.000  0.002  0.000  0.000  0.000  
Na 0.272  0.351  0.114  0.293  0.314  0.352  0.040  0.230  0.366  0.355  
K 1.583  1.612  1.792  1.595  1.391  1.516  1.865  1.631  1.400  1.452  
Total 13.896  13.970  13.974  13.915  13.786  13.919  13.927  13.898  13.826  13.861  
           
Formula           
Si 6.072  6.125  6.314  6.118  6.089  6.083  6.248  6.298  6.091  6.079  
Al 1.928  1.876  1.686  1.882  1.911  1.917  1.752  1.702  1.910  1.922  
Z 8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  
Al 3.910  3.825  3.586  3.841  3.952  3.885  3.698  3.674  3.954  3.947  
Ti 0.041  0.037  0.029  0.050  0.046  0.031  0.053  0.047  0.035  0.030  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.011  0.016  0.029  0.023  0.012  0.024  0.009  0.045  0.008  0.013  
Mn 0.000  0.000  0.000  0.000  0.000  0.003  0.000  0.002  0.000  0.000  
Mg 0.080  0.130  0.425  0.113  0.068  0.108  0.260  0.269  0.061  0.063  
Y 4.041  4.007  4.069  4.026  4.078  4.051  4.019  4.037  4.059  4.053  
Ca 0.000  0.000  0.000  0.001  0.003  0.000  0.002  0.000  0.000  0.000  
Na 0.272  0.351  0.114  0.293  0.314  0.352  0.040  0.230  0.366  0.355  
K 1.583  1.612  1.792  1.595  1.391  1.516  1.865  1.631  1.400  1.452  
X 1.854  1.963  1.905  1.889  1.708  1.867  1.907  1.861  1.766  1.807  
 
 
 
 
 
328 
MB07FM-42  
Oxides             
SiO2 45.20  43.79  43.42  48.58  66.29  47.55  46.35  46.81  46.31  48.25  47.39  47.23  
TiO2 0.36  0.18  0.16  0.25  0.00  0.61  0.39  0.37  0.54  0.48  0.00  0.22  
Al2O3 33.43  11.54  11.01  29.41  19.65  28.33  31.74  28.39  32.43  28.81  31.10  29.80  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 0.03  0.20  0.26  0.01  0.00  0.00  0.00  0.05  0.01  0.00  0.00  0.00  
MnO 0.05  0.03  0.00  0.00  0.00  0.02  0.02  0.00  0.03  0.00  0.00  0.00  
MgO 1.61  24.61  23.58  3.31  0.02  4.49  2.31  3.75  2.13  3.73  3.02  3.65  
CaO 0.00  0.07  0.01  0.00  0.52  0.00  0.00  0.00  0.02  0.00  0.00  0.00  
Na2O 0.51  0.28  0.01  0.09  11.47  0.21  0.24  0.22  0.30  0.17  0.18  0.28  
K2O 9.78  9.79  9.56  11.02  0.08  10.63  9.89  10.09  10.07  10.18  10.51  10.00  
Total 90.96  90.49  88.01  92.67  98.02  91.84  90.94  89.68  91.82  91.62  92.19  91.19  
             
Cations             
Si 6.245  6.350  6.453  6.614  8.144  6.546  6.397  6.574  6.340  6.619  6.470  6.511  
Ti 0.037  0.020  0.018  0.025  0.000  0.064  0.041  0.039  0.055  0.050  0.000  0.023  
Al 5.444  1.972  1.928  4.719  2.845  4.597  5.164  4.699  5.233  4.658  5.005  4.843  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.004  0.024  0.033  0.001  0.000  0.000  0.000  0.006  0.001  0.000  0.000  0.000  
Mn 0.006  0.004  0.000  0.000  0.000  0.002  0.002  0.000  0.003  0.000  0.000  0.000  
Mg 0.331  5.318  5.224  0.671  0.003  0.922  0.475  0.784  0.434  0.763  0.614  0.750  
Ca 0.000  0.011  0.002  0.000  0.068  0.000  0.000  0.000  0.002  0.000  0.000  0.000  
Na 0.137  0.080  0.002  0.023  2.732  0.056  0.065  0.060  0.080  0.045  0.047  0.074  
K 1.725  1.810  1.812  1.915  0.013  1.867  1.742  1.809  1.759  1.782  1.831  1.759  
Total 13.927  15.589  15.472  13.970  13.806  14.053  13.885  13.972  13.908  13.916  13.967  13.961  
             
Formula             
Si 6.2447 6.350  6.453  6.614  8.144  6.546  6.397  6.574  6.340  6.619  6.470  6.511  
Al 1.755  1.650  1.547  1.386  (0.144) 1.454  1.604  1.426  1.660  1.381  1.530  1.489  
Z 8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  
Al 3.689  0.322  0.381  3.334  2.989  3.143  3.560  3.274  3.573  3.277  3.475  3.354  
Ti 0.0372 0.020  0.018  0.025  0.000  0.064  0.041  0.039  0.055  0.050  0.000  0.023  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.0035 0.024  0.033  0.001  0.000  0.000  0.000  0.006  0.001  0.000  0.000  0.000  
Mn 0.0055 0.004  0.000  0.000  0.000  0.002  0.002  0.000  0.003  0.000  0.000  0.000  
Mg 0.3306 5.318  5.224  0.671  0.003  0.922  0.475  0.784  0.434  0.763  0.614  0.750  
Y 4.065  5.688  5.656  4.032  2.993  4.131  4.078  4.103  4.067  4.089  4.089  4.127  
Ca 0.000  0.011  0.002  0.000  0.068  0.000  0.000  0.000  0.002  0.000  0.000  0.000  
Na 0.137  0.080  0.002  0.023  2.732  0.056  0.065  0.060  0.080  0.045  0.047  0.074  
K 1.725  1.810  1.812  1.915  0.013  1.867  1.742  1.809  1.759  1.782  1.831  1.759  
X 1.862  1.901  1.816  1.938  2.813  1.922  1.807  1.869  1.841  1.827  1.878  1.834  
 
 
329 
MB07FM-44 
Oxides           
SiO2 44.926  45.238  42.864  46.001  45.352  45.784  45.913  44.836  44.800  44.673  
TiO2 0.262  0.532  0.410  0.473  0.349  0.337  0.536  0.620  0.317  0.411  
Al2O3 37.516  36.159  34.490  35.838  37.870  35.119  35.964  36.503  37.717  36.716  
Cr2O3 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2O3 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
FeO 0.065  0.070  0.124  0.140  0.073  0.156  0.189  0.089  0.079  0.067  
MnO 0.000  0.000  0.013  0.000  0.003  0.000  0.000  0.000  0.055  0.053  
MgO 0.201  0.535  0.509  0.725  0.126  0.923  0.699  0.481  0.147  0.359  
CaO 0.000  0.004  0.021  0.000  0.018  0.001  0.000  0.017  0.086  0.007  
Na2O 1.320  1.261  1.093  0.996  1.489  1.050  0.771  1.167  1.373  1.327  
K2O 8.764  8.660  8.602  8.814  8.496  9.569  9.367  8.776  8.572  8.568  
Total 93.053  92.460  88.125  92.987  93.777  92.939  93.439  92.488  93.147  92.180  
           
Cations           
Si 6.034  6.113  6.093  6.176  6.035  6.187  6.154  6.063  6.010  6.056  
Ti 0.026  0.054  0.044  0.048  0.035  0.034  0.054  0.063  0.032  0.042  
Al 5.939  5.759  5.779  5.671  5.940  5.594  5.682  5.819  5.964  5.867  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.007  0.008  0.015  0.016  0.008  0.018  0.021  0.010  0.009  0.008  
Mn 0.000  0.000  0.002  0.000  0.000  0.000  0.000  0.000  0.006  0.006  
Mg 0.040  0.108  0.108  0.145  0.025  0.186  0.140  0.097  0.029  0.073  
Ca 0.000  0.001  0.003  0.000  0.003  0.000  0.000  0.003  0.012  0.001  
Na 0.344  0.331  0.301  0.259  0.384  0.275  0.201  0.306  0.357  0.349  
K 1.502  1.493  1.560  1.510  1.442  1.650  1.602  1.514  1.467  1.482  
Total 13.893  13.866  13.904  13.825  13.873  13.944  13.853  13.875  13.888  13.884  
           
Formula           
Si 6.034  6.113  6.093  6.176  6.035  6.187  6.154  6.063  6.010  6.056  
Al 1.966  1.887  1.907  1.824  1.965  1.813  1.846  1.937  1.990  1.944  
Z 8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  
Al 3.973  3.872  3.872  3.847  3.975  3.781  3.836  3.882  3.975  3.924  
Ti 0.026  0.054  0.044  0.048  0.035  0.034  0.054  0.063  0.032  0.042  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.007  0.008  0.015  0.016  0.008  0.018  0.021  0.010  0.009  0.008  
Mn 0.000  0.000  0.002  0.000  0.000  0.000  0.000  0.000  0.006  0.006  
Mg 0.040  0.108  0.108  0.145  0.025  0.186  0.140  0.097  0.029  0.073  
Y 4.047  4.042  4.040  4.056  4.044  4.019  4.050  4.052  4.051  4.052  
Ca 0.000  0.001  0.003  0.000  0.003  0.000  0.000  0.003  0.012  0.001  
Na 0.344  0.331  0.301  0.259  0.384  0.275  0.201  0.306  0.357  0.349  
K 1.502  1.493  1.560  1.510  1.442  1.650  1.602  1.514  1.467  1.482  
X 1.845  1.824  1.864  1.769  1.829  1.925  1.802  1.823  1.837  1.832  
 
330 
MB07FM-44--------------(Continued) 
Oxides            
SiO2 44.608  45.924  44.617  44.379  42.927  45.870  45.154  46.177  45.543  44.138  40.855  
TiO2 0.227  0.657  0.207  0.291  0.469  0.556  0.470  0.452  0.653  0.384  0.616  
Al2O3 36.282  34.725  35.899  36.476  31.229  35.507  35.111  35.531  34.496  35.453  31.989  
Cr2O3 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2O3 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
FeO 0.067  0.136  0.173  0.052  0.221  0.176  0.214  0.200  0.202  0.049  0.073  
MnO 0.000  0.000  0.000  0.007  0.000  0.000  0.000  0.000  0.006  0.000  0.019  
MgO 0.123  0.831  0.605  0.080  0.781  0.796  0.787  0.960  1.021  0.300  0.453  
CaO 0.016  0.000  0.010  0.000  0.028  0.000  0.002  0.000  0.000  0.127  0.126  
Na2O 1.663  1.163  0.667  1.495  0.802  1.025  0.882  0.990  0.600  1.133  0.816  
K2O 7.758  9.046  10.049  8.223  8.581  9.482  9.538  9.608  9.834  8.034  7.755  
Total 90.743  92.481  92.227  91.002  85.037  93.413  92.157  93.919  92.354  89.619  82.702  
            
Cations            
Si 6.114  6.218  6.092  6.081  6.321  6.163  6.155  6.174  6.200  6.131  6.164  
Ti 0.023  0.067  0.021  0.030  0.052  0.056  0.048  0.046  0.067  0.040  0.070  
Al 5.861  5.542  5.777  5.891  5.420  5.624  5.642  5.600  5.535  5.805  5.689  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.008  0.015  0.020  0.006  0.027  0.020  0.024  0.022  0.023  0.006  0.009  
Mn 0.000  0.000  0.000  0.001  0.000  0.000  0.000  0.000  0.001  0.000  0.003  
Mg 0.025  0.168  0.123  0.016  0.171  0.160  0.160  0.191  0.207  0.062  0.102  
Ca 0.002  0.000  0.001  0.000  0.004  0.000  0.000  0.000  0.000  0.019  0.020  
Na 0.442  0.305  0.177  0.397  0.229  0.267  0.233  0.257  0.158  0.305  0.239  
K 1.356  1.563  1.751  1.438  1.612  1.626  1.659  1.639  1.708  1.424  1.493  
Total 13.832  13.878  13.962  13.860  13.837  13.915  13.922  13.929  13.899  13.791  13.788  
            
Forma            
Si 6.114  6.218  6.092  6.081  6.321  6.163  6.155  6.174  6.200  6.131  6.164  
Al 1.886  1.782  1.908  1.919  1.679  1.837  1.845  1.826  1.800  1.869  1.836  
Z 8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  
Al 3.975  3.760  3.869  3.973  3.741  3.787  3.797  3.774  3.735  3.935  3.853  
Ti 0.023  0.067  0.021  0.030  0.052  0.056  0.048  0.046  0.067  0.040  0.070  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.008  0.015  0.020  0.006  0.027  0.020  0.024  0.022  0.023  0.006  0.009  
Mn 0.000  0.000  0.000  0.001  0.000  0.000  0.000  0.000  0.001  0.000  0.003  
Mg 0.025  0.168  0.123  0.016  0.171  0.160  0.160  0.191  0.207  0.062  0.102  
Y 4.031  4.010  4.033  4.026  3.992  4.022  4.029  4.033  4.033  4.043  4.036  
Ca 0.002  0.000  0.001  0.000  0.004  0.000  0.000  0.000  0.000  0.019  0.020  
Na 0.442  0.305  0.177  0.397  0.229  0.267  0.233  0.257  0.158  0.305  0.239  
K 1.356  1.563  1.751  1.438  1.612  1.626  1.659  1.639  1.708  1.424  1.493  
X 1.801  1.868  1.929  1.835  1.845  1.893  1.892  1.896  1.866  1.748  1.752  
331 
MB07FM-17 
Oxides         
SiO2 44.42  45.56  44.76  45.21  44.56  46.08  45.64  45.07  
TiO2 0.31  0.26  0.33  0.05  0.38  0.45  0.49  0.42  
Al2O3 35.09  36.24  36.27  36.23  35.42  35.90  35.24  35.52  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 0.60  0.36  0.26  0.36  0.28  0.29  0.68  0.30  
MnO 0.06  0.00  0.04  0.00  0.01  0.00  0.00  0.00  
MgO 0.58  0.50  0.51  0.38  0.56  0.61  0.67  0.53  
CaO 0.00  0.00  0.00  0.00  0.02  0.01  0.00  0.00  
Na2O 0.46  0.56  0.59  0.49  0.62  0.56  0.43  0.64  
K2O 9.98  10.21  10.33  9.96  10.11  10.18  10.61  10.18  
Total 91.49  93.70  93.09  92.66  91.97  94.09  93.76  92.65  
         
Cations         
Si 6.124  6.123  6.067  6.130  6.109  6.162  6.157  6.131  
Ti 0.032  0.026  0.034  0.006  0.040  0.046  0.050  0.043  
Al 5.703  5.741  5.794  5.791  5.724  5.659  5.604  5.696  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.069  0.041  0.030  0.041  0.032  0.033  0.077  0.034  
Mn 0.007  0.000  0.005  0.000  0.002  0.000  0.000  0.000  
Mg 0.120  0.101  0.104  0.077  0.114  0.122  0.134  0.107  
Ca 0.000  0.001  0.000  0.000  0.004  0.002  0.000  0.000  
Na 0.122  0.146  0.154  0.128  0.164  0.144  0.113  0.170  
K 1.755  1.751  1.785  1.722  1.768  1.736  1.826  1.766  
Total 13.931  13.929  13.972 13.894 13.956 13.903 13.961 13.947 
         
Formula         
Si 6.124  6.123  6.067  6.130  6.109  6.162  6.157  6.131  
Al 1.876 1.877 1.933 1.870 1.891 1.838 1.843 1.869 
Z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Al 3.827  3.864  3.861  3.921  3.833  3.821  3.761  3.827  
Ti 0.032  0.026  0.034  0.006  0.040  0.046  0.050  0.043  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.069  0.041  0.030  0.041  0.032  0.033  0.077  0.034  
Mn 0.007  0.000  0.005  0.000  0.002  0.000  0.000  0.000  
Mg 0.120  0.101  0.104  0.077  0.114  0.122  0.134  0.107  
Y 4.054  4.032  4.033  4.044  4.020  4.021  4.022  4.011  
Ca 0.000  0.001  0.000  0.000  0.004  0.002  0.000  0.000  
Na 0.033  0.001  0.005  0.004  0.001  0.066  0.010  0.026  
K 1.755  1.751  1.785  1.722  1.768  1.736  1.826  1.766  
X 1.788 1.752 1.791 1.727 1.773 1.804 1.836 1.792 
 
332 
MB07FM-17--------------(Continued) 
Oxides         
SiO2 45.86  45.66  45.29  45.67  43.96  43.68  45.92  45.94  
TiO2 0.49  0.43  0.42  0.40  0.40  0.40  0.23  0.37  
Al2O3 35.88  36.18  35.19  35.63  35.10  34.84  35.77  36.29  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 0.38  0.40  0.35  0.45  0.40  0.51  0.45  0.58  
MnO 0.02  0.00  0.01  0.00  0.02  0.00  0.00  0.02  
MgO 0.65  0.62  0.48  0.48  0.52  0.46  0.66  0.63  
CaO 0.00  0.00  0.00  0.02  0.00  0.00  0.00  0.00  
Na2O 0.52  0.55  0.58  0.55  0.56  0.59  0.53  0.43  
K2O 10.17  9.39  9.84  9.63  10.10  9.94  10.37  10.37  
Total 93.97  93.25  92.17  92.83  91.08  90.42  93.93  94.62  
         
Cations         
Si 6.145  6.135  6.177  6.175  6.094  6.098  6.163  6.123  
Ti 0.049  0.044  0.043  0.040  0.042  0.042  0.023  0.037  
Al 5.667  5.730  5.658  5.679  5.735  5.733  5.659  5.702  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.042  0.046  0.040  0.051  0.047  0.060  0.051  0.065  
Mn 0.002  0.000  0.001  0.000  0.003  0.000  0.000  0.002  
Mg 0.131  0.125  0.099  0.096  0.107  0.095  0.132  0.124  
Ca 0.000  0.000  0.000  0.002  0.000  0.000  0.000  0.000  
Na 0.135  0.144  0.154  0.145  0.152  0.159  0.137  0.111  
K 1.738  1.609  1.712  1.661  1.787  1.770  1.775  1.763  
Total 13.909 13.832 13.884 13.849 13.966 13.958 13.940 13.926 
         
Formula         
Si 6.145  6.135  6.177  6.175  6.094  6.098  6.163  6.123  
Al 1.855 1.865 1.823 1.825 1.906 1.902 1.837 1.877 
Z 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Al 3.812  3.866  3.835  3.853  3.829  3.832  3.823  3.825  
Ti 0.049  0.044  0.043  0.040  0.042  0.042  0.023  0.037  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.042  0.046  0.040  0.051  0.047  0.060  0.051  0.065  
Mn 0.002  0.000  0.001  0.000  0.003  0.000  0.000  0.002  
Mg 0.131  0.125  0.099  0.096  0.107  0.095  0.132  0.124  
Y 4.036  4.080  4.018  4.040  4.027  4.029  4.028  4.053  
Ca 0.000  0.000  0.000  0.002  0.000  0.000  0.000  0.000  
Na 0.034  0.004  0.066  0.054  0.066  0.035  0.139  0.197  
K 1.738  1.609  1.712  1.661  1.787  1.770  1.775  1.763  
X 1.771 1.613 1.777 1.717 1.853 1.806 1.914 1.959 
 
333 
MB07FM-18 
Oxides           
SiO2 45.07  45.27  45.31  45.43  45.51  45.32  44.63  44.59  45.16  44.58  
TiO2 0.32  0.31  0.50  0.40  0.39  0.43  0.26  0.31  0.32  0.17  
Al2O3 35.90  36.42  36.03  35.24  36.38  35.79  34.72  35.29  35.37  36.23  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 0.41  0.44  0.47  1.12  0.94  1.72  1.60  1.60  1.48  1.14  
MnO 0.00  0.00  0.07  0.00  0.04  0.00  0.00  0.00  0.00  0.06  
MgO 0.40  0.28  0.47  0.49  0.40  0.52  0.42  0.41  0.42  0.38  
CaO 0.00  0.00  0.00  0.00  0.00  0.00  0.01  0.00  0.00  0.00  
Na2O 0.74  0.76  0.66  0.68  0.66  0.65  0.71  0.60  0.62  0.68  
K2O 10.02  10.18  9.99  9.94  9.72  10.33  10.10  9.91  10.07  10.10  
Total 92.86  93.66  93.51  93.29  94.03  94.75  92.45  92.70  93.44  93.34  
           
Cations           
Si 6.115  6.095  6.107  6.153  6.099  6.080  6.131  6.097  6.125  6.048  
Ti 0.033  0.031  0.051  0.041  0.039  0.043  0.027  0.032  0.033  0.018  
Al 5.741  5.779  5.723  5.627  5.746  5.659  5.622  5.688  5.653  5.794  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.046  0.050  0.053  0.127  0.106  0.193  0.184  0.183  0.168  0.129  
Mn 0.000  0.000  0.008  0.000  0.004  0.000  0.000  0.000  0.000  0.007  
Mg 0.082  0.056  0.095  0.099  0.079  0.105  0.085  0.083  0.086  0.077  
Ca 0.000  0.000  0.000  0.000  0.000  0.000  0.002  0.000  0.000  0.000  
Na 0.196  0.198  0.172  0.178  0.172  0.169  0.189  0.160  0.164  0.178  
K 1.734  1.749  1.718  1.718  1.661  1.767  1.771  1.728  1.742  1.749  
Total 13.946  13.958  13.926  13.942  13.906  14.016  14.011  13.972  13.969  14.001  
           
Formula           
Si 6.115  6.095  6.107  6.153  6.099  6.080  6.131  6.097  6.125  6.048  
Al 1.885  1.905  1.894  1.847  1.901  1.920  1.869  1.903  1.876  1.952  
Z 8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  
Al 3.856  3.874  3.829  3.779  3.845  3.739  3.753  3.785  3.778  3.843  
Ti 0.033  0.031  0.051  0.041  0.039  0.043  0.027  0.032  0.033  0.018  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.046  0.050  0.053  0.127  0.106  0.193  0.184  0.183  0.168  0.129  
Mn 0.000  0.000  0.008  0.000  0.004  0.000  0.000  0.000  0.000  0.007  
Mg 0.082  0.056  0.095  0.099  0.079  0.105  0.085  0.083  0.086  0.077  
Y 4.017  4.011  4.036  4.045  4.073  4.080  4.049  4.083  4.063  4.073  
Ca 0.000  0.000  0.000  0.000  0.000  0.000  0.002  0.000  0.000  0.000  
Na 0.196  0.198  0.172  0.178  0.172  0.169  0.189  0.160  0.164  0.178  
K 1.734  1.749  1.718  1.718  1.661  1.767  1.771  1.728  1.742  1.749  
X 1.929  1.947  1.890  1.896  1.833  1.936  1.962  1.889  1.906  1.928  
 
334 
MB07FM-18--------------(Continued) 
Oxides          
SiO2 44.36  45.02  43.84  44.69  44.78  44.65  44.70  44.25  42.58  
TiO2 0.40  0.34  0.35  0.36  0.42  0.46  0.35  0.31  0.48  
Al2O3 35.25  35.40  36.21  35.14  35.56  35.11  36.04  35.30  33.83  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 0.61  1.21  0.87  1.24  0.52  1.21  0.50  0.92  1.04  
MnO 0.00  0.01  0.00  0.01  0.00  0.00  0.00  0.00  0.00  
MgO 0.50  0.42  0.40  0.48  0.39  0.44  0.47  0.39  0.42  
CaO 0.04  0.03  2.22  0.00  0.02  0.00  0.00  0.00  0.02  
Na2O 0.64  0.61  0.76  0.67  0.70  0.70  0.67  0.66  0.69  
K2O 10.02  9.91  7.38  9.55  10.17  9.96  10.11  10.00  9.58  
Total 91.82  92.95  92.01  92.13  92.56  92.53  92.83  91.83  88.65  
          
Cations          
Si 6.101  6.124  5.977  6.124  6.109  6.110  6.076  6.094  6.082  
Ti 0.042  0.035  0.036  0.037  0.043  0.047  0.036  0.033  0.052  
Al 5.715  5.676  5.819  5.676  5.718  5.663  5.775  5.730  5.697  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.070  0.137  0.099  0.142  0.060  0.138  0.056  0.106  0.124  
Mn 0.000  0.001  0.000  0.001  0.000  0.000  0.000  0.000  0.000  
Mg 0.102  0.085  0.081  0.098  0.079  0.090  0.095  0.081  0.090  
Ca 0.005  0.004  0.324  0.000  0.003  0.000  0.000  0.000  0.003  
Na 0.170  0.160  0.200  0.177  0.186  0.187  0.176  0.175  0.192  
K 1.759  1.719  1.284  1.669  1.771  1.738  1.754  1.757  1.746  
Total 13.964  13.942  13.820  13.924  13.968  13.974  13.967  13.975  13.986  
          
Formula          
Si 6.101  6.124  5.977  6.124  6.109  6.110  6.076  6.094  6.082  
Al 1.899  1.876  2.023  1.876  1.891  1.890  1.925  1.906  1.918  
Z 8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  
Al 3.816  3.800  3.796  3.800  3.827  3.773  3.850  3.824  3.779  
Ti 0.042  0.035  0.036  0.037  0.043  0.047  0.036  0.033  0.052  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.070  0.137  0.099  0.142  0.060  0.138  0.056  0.106  0.124  
Mn 0.000  0.001  0.000  0.001  0.000  0.000  0.000  0.000  0.000  
Mg 0.102  0.085  0.081  0.098  0.079  0.090  0.095  0.081  0.090  
Y 4.030  4.059  4.012  4.078  4.008  4.049  4.037  4.043  4.046  
Ca 0.005  0.004  0.324  0.000  0.003  0.000  0.000  0.000  0.003  
Na 0.170  0.160  0.200  0.177  0.186  0.187  0.176  0.175  0.192  
K 1.759  1.719  1.284  1.669  1.771  1.738  1.754  1.757  1.746  
X 1.934  1.883  1.808  1.846  1.960  1.925  1.930  1.932  1.940  
 
335 
MB09FM-1 
Oxides          
SiO2 45.48  44.34  45.50  42.12  44.15  45.85  44.10  45.90  45.33  
TiO2 0.26  0.03  0.08  0.26  0.21  0.10  0.18  0.23  0.13  
Al2O3 36.37  34.41  34.97  34.14  36.07  35.89  34.10  36.35  35.87  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 0.17  0.18  0.12  0.16  0.11  0.11  0.11  0.10  0.15  
MnO 0.00  0.01  0.00  0.00  0.01  0.00  0.00  0.06  0.02  
MgO 0.68  1.04  1.07  0.56  0.59  0.99  0.76  0.77  0.80  
CaO 0.00  0.03  0.00  0.00  0.02  0.00  0.02  0.00  0.00  
Na2O 0.55  0.50  0.48  0.71  0.54  0.96  0.47  0.61  0.58  
K2O 10.41  10.04  9.79  9.68  10.14  9.75  10.22  9.87  9.68  
Total 93.92  90.58  92.01  87.63  91.84  93.65  89.95  93.90  92.56  
          
Cations          
Si 6.101  6.167  6.203  6.064  6.057  6.150  6.181  6.135  6.143  
Ti 0.026  0.003  0.008  0.028  0.021  0.011  0.019  0.024  0.013  
Al 5.752  5.641  5.620  5.792  5.831  5.674  5.633  5.728  5.730  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.019  0.021  0.014  0.019  0.013  0.013  0.013  0.011  0.017  
Mn 0.000  0.002  0.000  0.000  0.001  0.000  0.000  0.007  0.003  
Mg 0.137  0.215  0.218  0.120  0.120  0.197  0.159  0.153  0.162  
Ca 0.000  0.004  0.000  0.000  0.004  0.000  0.003  0.000  0.000  
Na 0.144  0.134  0.126  0.199  0.144  0.250  0.128  0.159  0.153  
K 1.782  1.781  1.703  1.778  1.774  1.669  1.827  1.683  1.673  
Total 13.960  13.968  13.893  14.001  13.966  13.963  13.961  13.899  13.893  
          
Formula          
Si 6.101  6.167  6.203  6.064  6.057  6.150  6.181  6.135  6.143  
Al 1.899  1.833  1.797  1.936  1.943  1.850  1.820  1.865  1.857  
Z 8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  
Al 3.853  3.808  3.823  3.856  3.888  3.823  3.814  3.862  3.872  
Ti 0.026  0.003  0.008  0.028  0.021  0.011  0.019  0.024  0.013  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.019  0.021  0.014  0.019  0.013  0.013  0.013  0.011  0.017  
Mn 0.000  0.002  0.000  0.000  0.001  0.000  0.000  0.007  0.003  
Mg 0.137  0.215  0.218  0.120  0.120  0.197  0.159  0.153  0.162  
Y 4.035  4.049  4.064  4.024  4.043  4.044  4.004  4.057  4.067  
Ca 0.000  0.004  0.000  0.000  0.004  0.000  0.003  0.000  0.000  
Na 0.144  0.134  0.126  0.199  0.144  0.250  0.128  0.159  0.153  
K 1.782  1.781  1.703  1.778  1.774  1.669  1.827  1.683  1.673  
X 1.925  1.919  1.829  1.977  1.922  1.919  1.957  1.842  1.826  
 
336 
MB09FM-1--------------(Continued) 
Oxides         
SiO2 47.53  48.01  46.41  46.25  45.64  46.43  44.93  45.19  
TiO2 0.10  0.20  0.22  0.37  0.06  0.24  0.30  0.38  
Al2O3 36.08  35.88  35.27  36.03  34.73  37.55  33.36  34.83  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 0.15  0.19  0.11  0.12  0.12  0.13  0.13  0.17  
MnO 0.00  0.03  0.00  0.00  0.00  0.05  0.00  0.00  
MgO 1.23  1.06  0.94  0.60  0.96  0.42  1.23  0.81  
CaO 0.00  0.00  0.02  0.00  0.00  0.00  0.01  0.01  
Na2O 0.61  0.52  0.70  0.47  0.69  0.56  1.02  0.56  
K2O 10.13  10.27  8.92  10.07  9.64  9.96  9.03  10.13  
Total 95.82  96.16  92.60  93.90  91.85  95.33  90.01  92.07  
         
Cations         
Si 6.224  6.266  6.248  6.180  6.232  6.106  6.256  6.179  
Ti 0.010  0.020  0.023  0.037  0.006  0.024  0.032  0.039  
Al 5.569  5.519  5.597  5.675  5.589  5.821  5.475  5.614  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.016  0.021  0.013  0.013  0.014  0.014  0.016  0.019  
Mn 0.000  0.003  0.000  0.000  0.000  0.005  0.000  0.000  
Mg 0.239  0.207  0.189  0.120  0.195  0.082  0.255  0.165  
Ca 0.000  0.000  0.003  0.000  0.000  0.000  0.002  0.001  
Na 0.154  0.132  0.183  0.121  0.184  0.142  0.275  0.149  
K 1.692  1.709  1.532  1.717  1.680  1.671  1.604  1.767  
Total 13.905  13.876  13.788  13.864  13.900  13.866  13.914  13.933  
         
Formula         
Si 6.224  6.266  6.248  6.180  6.232  6.106  6.256  6.179  
Al 1.776  1.734  1.752  1.820  1.768  1.894  1.744  1.821  
Z 8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  
Al 3.794  3.785  3.846  3.855  3.821  3.927  3.731  3.793  
Ti 0.010  0.020  0.023  0.037  0.006  0.024  0.032  0.039  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.016  0.021  0.013  0.013  0.014  0.014  0.016  0.019  
Mn 0.000  0.003  0.000  0.000  0.000  0.005  0.000  0.000  
Mg 0.239  0.207  0.189  0.120  0.195  0.082  0.255  0.165  
Y 4.059  4.035  4.071  4.026  4.036  4.053  4.033  4.016  
Ca 0.000  0.000  0.003  0.000  0.000  0.000  0.002  0.001  
Na 0.154  0.132  0.183  0.121  0.184  0.142  0.275  0.149  
K 1.692  1.709  1.532  1.717  1.680  1.671  1.604  1.767  
X 1.846  1.841  1.717  1.838  1.864  1.813  1.881  1.917  
 
337 
MB09FM-4 
Oxides           
SiO2 46.77  44.85  45.81  45.14  46.02  46.06  45.91  45.42  45.39  45.88  
TiO2 0.38  0.26  0.27  0.52  1.29  1.21  0.30  0.54  0.39  0.42  
Al2O3 33.57  35.62  36.86  33.85  33.82  33.23  36.79  34.92  37.99  34.31  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 1.48  0.52  0.66  0.75  0.80  0.83  0.56  0.74  0.03  0.89  
MnO 0.00  0.00  0.04  0.00  0.00  0.00  0.00  0.02  0.01  0.00  
MgO 1.31  0.35  0.51  0.96  1.02  0.91  0.55  0.78  0.19  1.09  
CaO 0.00  0.00  0.02  0.00  0.02  0.00  0.01  0.02  0.04  0.00  
Na2O 0.59  1.14  1.40  1.24  1.00  0.67  1.01  0.98  1.42  0.96  
K2O 9.28  8.41  8.67  9.17  9.12  9.06  8.95  9.23  8.32  8.99  
Total 93.39  91.15  94.23  91.64  93.10  91.97  94.07  92.65  93.78  92.53  
           
Cations           
Si 6.307  6.148  6.091  6.206  6.220  6.287  6.110  6.166  6.030  6.228  
Ti 0.039  0.027  0.027  0.054  0.131  0.124  0.030  0.055  0.039  0.043  
Al 5.335  5.755  5.778  5.485  5.388  5.347  5.772  5.588  5.950  5.489  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.167  0.060  0.074  0.087  0.091  0.095  0.063  0.084  0.004  0.101  
Mn 0.000  0.000  0.004  0.000  0.000  0.000  0.000  0.002  0.001  0.000  
Mg 0.264  0.071  0.101  0.197  0.205  0.185  0.108  0.158  0.037  0.220  
Ca 0.000  0.000  0.003  0.000  0.004  0.000  0.002  0.003  0.006  0.000  
Na 0.155  0.303  0.360  0.331  0.262  0.179  0.260  0.257  0.366  0.252  
K 1.597  1.470  1.471  1.608  1.573  1.578  1.521  1.599  1.411  1.556  
Total 13.863  13.834  13.908  13.968  13.873  13.794  13.864  13.913  13.844  13.889  
           
Formula           
Si 6.307  6.148  6.091  6.206  6.220  6.287  6.110  6.166  6.030  6.228  
Al 1.693  1.852  1.909  1.794  1.780  1.713  1.890  1.834  1.970  1.772  
Z 8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  
Al 3.642  3.903  3.869  3.691  3.608  3.634  3.882  3.754  3.980  3.716  
Ti 0.039  0.027  0.027  0.054  0.131  0.124  0.030  0.055  0.039  0.043  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.167  0.060  0.074  0.087  0.091  0.095  0.063  0.084  0.004  0.101  
Mn 0.000  0.000  0.004  0.000  0.000  0.000  0.000  0.002  0.001  0.000  
Mg 0.264  0.071  0.101  0.197  0.205  0.185  0.108  0.158  0.037  0.220  
Y 4.111  4.061  4.075  4.028  4.034  4.037  4.083  4.054  4.061  4.081  
Ca 0.000  0.000  0.003  0.000  0.004  0.000  0.002  0.003  0.006  0.000  
Na 0.155  0.303  0.360  0.331  0.262  0.179  0.260  0.257  0.366  0.252  
K 1.597  1.470  1.471  1.608  1.573  1.578  1.521  1.599  1.411  1.556  
X 1.752  1.773  1.833  1.940  1.838  1.756  1.782  1.859  1.784  1.808  
 
338 
MB09FM-4--------------(Continued) 
Oxides            
SiO2 46.91  43.63  45.18  45.20  45.18  44.47  44.85  45.23  45.68  44.89  45.60  
TiO2 0.47  0.37  0.79  0.40  0.33  0.32  0.38  0.69  0.41  0.92  0.71  
Al2O3 35.66  31.38  33.43  33.33  34.89  36.54  36.13  33.84  34.88  32.50  34.05  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 0.82  1.03  0.88  1.56  0.54  0.58  0.53  1.07  0.61  1.28  0.97  
MnO 0.00  0.03  0.00  0.01  0.01  0.03  0.04  0.03  0.00  0.00  0.00  
MgO 0.82  1.12  0.94  1.98  0.63  0.39  0.51  1.18  0.72  1.63  1.17  
CaO 0.07  0.02  0.02  0.00  0.00  0.55  0.09  0.01  0.02  0.00  0.00  
Na2O 0.95  0.86  0.98  0.99  1.32  1.64  1.45  1.09  1.32  0.97  0.94  
K2O 8.41  8.51  8.93  9.72  8.62  7.55  8.39  9.41  8.91  9.79  9.45  
Total 94.12  86.95  91.13  93.19  91.52  92.08  92.36  92.55  92.55  91.97  92.88  
            
Cations            
Si 6.222  6.309  6.234  6.163  6.184  6.034  6.082  6.178  6.196  6.199  6.194  
Ti 0.047  0.040  0.082  0.041  0.034  0.033  0.039  0.071  0.042  0.095  0.072  
Al 5.576  5.349  5.437  5.357  5.629  5.845  5.775  5.448  5.576  5.290  5.452  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.091  0.125  0.101  0.178  0.062  0.065  0.060  0.122  0.070  0.147  0.111  
Mn 0.000  0.004  0.000  0.001  0.001  0.004  0.005  0.003  0.000  0.000  0.000  
Mg 0.163  0.241  0.193  0.402  0.129  0.079  0.104  0.241  0.145  0.337  0.238  
Ca 0.010  0.004  0.003  0.000  0.000  0.080  0.012  0.001  0.003  0.000  0.000  
Na 0.244  0.241  0.261  0.260  0.350  0.432  0.380  0.288  0.346  0.259  0.247  
K 1.424  1.571  1.572  1.691  1.506  1.307  1.452  1.639  1.542  1.725  1.637  
Total 13.777  13.883  13.882  14.093  13.895  13.880  13.908  13.991  13.919  14.053  13.950  
            
Formula            
Si 6.222  6.309  6.234  6.163  6.184  6.034  6.082  6.178  6.196  6.199  6.194  
Al 1.778  1.691  1.766  1.837  1.816  1.966  1.918  1.822  1.804  1.801  1.806  
Z 8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  
Al 3.798  3.658  3.671  3.520  3.813  3.879  3.857  3.625  3.772  3.489  3.646  
Ti 0.047  0.040  0.082  0.041  0.034  0.033  0.039  0.071  0.042  0.095  0.072  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.091  0.125  0.101  0.178  0.062  0.065  0.060  0.122  0.070  0.147  0.111  
Mn 0.000  0.004  0.000  0.001  0.001  0.004  0.005  0.003  0.000  0.000  0.000  
Mg 0.163  0.241  0.193  0.402  0.129  0.079  0.104  0.241  0.145  0.337  0.238  
Y 4.099  4.067  4.047  4.142  4.039  4.060  4.063  4.063  4.028  4.069  4.066  
Ca 0.010  0.004  0.003  0.000  0.000  0.080  0.012  0.001  0.003  0.000  0.000  
Na 0.244  0.241  0.261  0.260  0.350  0.432  0.380  0.288  0.346  0.259  0.247  
K 1.424  1.571  1.572  1.691  1.506  1.307  1.452  1.639  1.542  1.725  1.637  
X 1.678  1.816  1.836  1.951  1.856  1.820  1.845  1.928  1.890  1.984  1.884  
 
339 
MB09FM-6 
Oxides           
SiO2 46.24  45.26  43.96  41.72  45.00  45.84  45.50  45.28  46.44  46.00  
TiO2 0.27  0.53  0.67  0.59  0.80  0.27  0.22  0.83  0.35  0.55  
Al2O3 33.90  35.66  35.31  32.95  35.30  34.96  34.81  35.12  34.66  33.71  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 0.34  0.22  0.16  0.22  0.29  0.24  0.23  0.18  0.33  0.35  
MnO 0.01  0.00  0.00  0.00  0.06  0.01  0.01  0.00  0.02  0.00  
MgO 0.96  0.72  0.63  0.51  0.80  0.95  0.84  0.72  0.88  1.06  
CaO 0.00  0.03  0.01  0.02  0.00  0.00  0.00  0.00  0.00  0.02  
Na2O 0.35  0.48  0.43  0.45  0.43  0.32  0.45  0.40  0.42  0.40  
K2O 10.19  10.30  10.18  9.34  10.27  10.68  9.88  10.25  10.40  10.42  
Total 92.27  93.20  91.35  85.81  92.95  93.27  91.92  92.77  93.50  92.50  
           
Cations           
Si 6.303  6.121  6.069  6.121  6.108  6.201  6.215  6.147  6.255  6.272  
Ti 0.028  0.054  0.070  0.065  0.081  0.028  0.022  0.085  0.036  0.056  
Al 5.447  5.683  5.746  5.699  5.648  5.573  5.604  5.620  5.502  5.418  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.039  0.025  0.018  0.027  0.033  0.028  0.026  0.020  0.037  0.040  
Mn 0.001  0.000  0.000  0.000  0.007  0.001  0.001  0.000  0.002  0.000  
Mg 0.195  0.146  0.130  0.112  0.162  0.191  0.171  0.145  0.176  0.215  
Ca 0.000  0.005  0.001  0.004  0.000  0.000  0.000  0.000  0.000  0.002  
Na 0.093  0.126  0.116  0.128  0.113  0.084  0.118  0.105  0.111  0.106  
K 1.772  1.777  1.793  1.749  1.779  1.843  1.721  1.775  1.786  1.813  
Total 13.878  13.935  13.943  13.904  13.932  13.948  13.880  13.898  13.906  13.923  
           
Formula           
Si 6.303  6.121  6.069  6.121  6.108  6.201  6.215  6.147  6.255  6.272  
Al 1.697  1.879  1.931  1.880  1.892  1.799  1.785  1.853  1.745  1.728  
Z 8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  
Al 3.750  3.804  3.815  3.819  3.757  3.774  3.820  3.767  3.757  3.690  
Ti 0.028  0.054  0.070  0.065  0.081  0.028  0.022  0.085  0.036  0.056  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.039  0.025  0.018  0.027  0.033  0.028  0.026  0.020  0.037  0.040  
Mn 0.001  0.000  0.000  0.000  0.007  0.001  0.001  0.000  0.002  0.000  
Mg 0.195  0.146  0.130  0.112  0.162  0.191  0.171  0.145  0.176  0.215  
Y 4.013  4.028  4.033  4.023  4.040  4.022  4.041  4.018  4.009  4.001  
Ca 0.000  0.005  0.001  0.004  0.000  0.000  0.000  0.000  0.000  0.002  
Na 0.093  0.126  0.116  0.128  0.113  0.084  0.118  0.105  0.111  0.106  
K 1.772  1.777  1.793  1.749  1.779  1.843  1.721  1.775  1.786  1.813  
X 1.865  1.907  1.910  1.880  1.892  1.926  1.839  1.881  1.897  1.921  
 
340 
MB09FM-6--------------(Continued) 
Oxides            
SiO2  45.15 45.79 45.31 45.68 44.53 46.13 45.26 46.08 45.33 44.85 
TiO2  0.18 0.38 0.22 0.36 0.00 0.89 0.83 0.79 0.75 0.74 
Al2O3  36.17 34.14 35.14 35.33 35.73 34.51 31.98 34.83 34.29 34.42 
Cr2O3  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2O3  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO  0.25 0.40 0.23 0.30 0.23 0.24 0.45 0.39 0.23 0.25 
MnO  0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.03 
MgO  0.65 1.29 0.92 0.91 0.76 0.88 1.20 0.91 0.84 0.88 
CaO  0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Na2O  0.81 0.33 0.47 0.47 0.49 0.31 0.21 0.31 0.31 0.22 
K2O  9.74 10.41 9.87 10.56 10.17 10.77 10.00 10.48 10.70 10.69 
Total  92.96 92.74 92.17 93.61 91.91 93.74 89.94 93.80 92.43 92.10 
 
 
          
Cations            
Si  6.105 6.228 6.176 6.160 6.103 6.214 6.339 6.196 6.195 6.157 
Ti  0.018 0.039 0.023 0.036 0.000 0.090 0.087 0.080 0.077 0.076 
Al  5.765 5.475 5.646 5.615 5.772 5.480 5.280 5.521 5.524 5.570 
Cr  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe3+  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+  0.028 0.045 0.026 0.034 0.026 0.027 0.053 0.044 0.026 0.029 
Mn  0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.001 0.000 0.004 
Mg  0.132 0.262 0.188 0.182 0.156 0.177 0.251 0.182 0.170 0.180 
Ca  0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 
Na  0.213 0.087 0.125 0.124 0.131 0.082 0.056 0.081 0.081 0.058 
K  1.680 1.807 1.716 1.817 1.779 1.851 1.787 1.798 1.865 1.873 
Total  13.941 13.943 13.899 13.967 13.966 13.922 13.855 13.903 13.939 13.948 
 
 
          
Formula            
Si  6.105 6.228 6.176 6.160 6.103 6.214 6.339 6.196 6.195 6.157 
Al  1.896 1.772 1.824 1.840 1.898 1.786 1.661 1.804 1.805 1.843 
Z  8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Al  3.869 3.703 3.822 3.774 3.875 3.694 3.619 3.717 3.719 3.727 
Ti  0.018 0.039 0.023 0.036 0.000 0.090 0.087 0.080 0.077 0.076 
Fe3+  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+  0.028 0.045 0.026 0.034 0.026 0.027 0.053 0.044 0.026 0.029 
Mn  0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.001 0.000 0.004 
Mg  0.132 0.262 0.188 0.182 0.156 0.177 0.251 0.182 0.170 0.180 
Y  4.047 4.048 4.058 4.027 4.056 3.989 4.012 4.024 3.993 4.016 
Ca  0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 
Na  0.213 0.087 0.125 0.124 0.131 0.082 0.056 0.081 0.081 0.058 
K  1.680 1.807 1.716 1.817 1.779 1.851 1.787 1.798 1.865 1.873 
X  1.894 1.895 1.841 1.941 1.910 1.933 1.844 1.879 1.946 1.932 
 
341 
MB09FM-11 
Oxides         
SiO2 46.11  46.62  45.35  66.50  45.65  46.94  45.54  45.59  
TiO2 0.46  0.72  0.71  0.00  0.80  0.61  1.01  0.57  
Al2O3 31.65  30.77  35.11  19.70  34.56  31.40  31.20  30.85  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 2.06  2.01  0.25  0.06  0.37  2.00  1.76  2.20  
MnO 0.00  0.00  0.00  0.00  0.01  0.02  0.00  0.04  
MgO 1.78  1.98  0.74  0.01  0.88  1.93  1.82  1.73  
CaO 0.00  0.00  0.00  0.33  0.00  0.00  0.00  0.04  
Na2O 0.26  0.19  0.34  9.91  0.35  0.25  0.23  0.25  
K2O 10.60  10.37  10.44  0.14  10.48  10.47  10.85  10.22  
Total 92.91  92.66  92.94  96.66  93.10  93.62  92.42  91.47  
         
Cations         
Si 6.330  6.404  6.153  8.221  6.189  6.382  6.297  6.355  
Ti 0.047  0.075  0.072  0.000  0.082  0.062  0.105  0.060  
Al 5.122  4.982  5.615  2.871  5.523  5.033  5.085  5.069  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.236  0.231  0.028  0.006  0.042  0.228  0.204  0.257  
Mn 0.000  0.000  0.000  0.000  0.001  0.003  0.000  0.004  
Mg 0.365  0.406  0.150  0.003  0.178  0.391  0.376  0.359  
Ca 0.000  0.000  0.000  0.044  0.000  0.000  0.000  0.006  
Na 0.069  0.050  0.089  2.376  0.092  0.065  0.062  0.066  
K 1.856  1.817  1.807  0.021  1.814  1.816  1.914  1.817  
Total 14.025  13.964  13.915  13.542  13.920  13.980  14.043  13.993  
         
Formula         
Si 6.330  6.404  6.153  8.221  6.189  6.382  6.297  6.355  
Al 1.670  1.596  1.847  (0.221) 1.811  1.618  1.703  1.645  
Z 8.000  8.000  8.000  8.000  8.000  8.000  8.000  8.000  
Al 3.452  3.385  3.768  2.871 3.712  3.415  3.383  3.424  
Ti 0.047  0.075  0.072  0.000  0.082  0.062  0.105  0.060  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.236  0.231  0.028  0.006  0.042  0.228  0.204  0.257  
Mn 0.000  0.000  0.000  0.000  0.001  0.003  0.000  0.004  
Mg 0.365  0.406  0.150  0.003  0.178  0.391  0.376  0.359  
Y 4.100  4.097  4.019  2.880  4.015  4.099  4.067  4.103  
Ca 0.000  0.000  0.000  0.044  0.000  0.000  0.000  0.006  
Na 0.069  0.050  0.089  2.376  0.092  0.065  0.062  0.066  
K 1.856  1.817  1.807  0.021  1.814  1.816  1.914  1.817  
X 1.925  1.867  1.896  2.441  1.905  1.881  1.976  1.890  
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MB09FM-11--------------(Continued) 
Oxides       
SiO2 46.70  46.84  45.98  46.83  46.55  43.64  
TiO2 0.33  0.51  0.64  0.81  0.46  0.75  
Al2O3 31.80  30.00  30.12  30.68  31.53  28.76  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  
FeO 2.07  2.25  2.10  2.11  2.77  2.75  
MnO 0.01  0.04  0.01  0.00  0.05  0.00  
MgO 1.95  1.84  2.14  2.04  1.62  1.63  
CaO 0.00  0.06  0.00  0.00  0.04  0.00  
Na2O 0.28  0.18  0.28  0.34  0.29  0.31  
K2O 10.07  10.08  10.11  10.56  9.87  9.30  
Total 93.21  91.38  93.36  93.17  87.14  0.00  
       
Cations       
Si 6.363  6.422  6.408  6.345  6.373  6.421  
Ti 0.034  0.068  0.083  0.047  0.082  0.082  
Al 5.107  4.959  4.948  5.066  4.952  4.922  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.236  0.263  0.241  0.240  0.338  0.338  
Mn 0.001  0.004  0.001  0.000  0.006  0.000  
Mg 0.397  0.384  0.436  0.414  0.353  0.357  
Ca 0.000  0.009  0.000  0.000  0.006  0.000  
Na 0.073  0.050  0.074  0.091  0.081  0.088  
K 1.750  1.796  1.765  1.836  1.838  1.744  
Total 13.962  13.954  13.956  14.039  14.029  13.953  
       
Formula       
Si 6.363  6.422  6.408  6.345  6.373  6.421  
Al 1.637  1.578  1.593  1.655  1.627  1.579  
Z 8.000  8.000  8.000  8.000  8.000  8.000  
Al 3.470  3.381  3.355  3.411  3.324  3.343  
Ti 0.034  0.068  0.083  0.047  0.082  0.082  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.236  0.263  0.241  0.240  0.338  0.338  
Mn 0.001  0.004  0.001  0.000  0.006  0.000  
Mg 0.397  0.384  0.436  0.414  0.353  0.357  
Y 4.138  4.099  4.116  4.112  4.103  4.120  
Ca 0.000  0.009  0.000  0.000  0.006  0.000  
Na 0.073  0.050  0.074  0.091  0.081  0.088  
K 1.750  1.796  1.765  1.836  1.838  1.744  
X 1.824  1.855  1.840  1.927  1.926  1.832  
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MB09FM-12 
Oxides        
SiO2 42.88  43.07  45.47  44.45  41.24  4.58  45.50  
TiO2 0.37  0.38  0.13  0.39  0.40  0.04  0.34  
Al2O3 30.30  30.32  32.03  33.09  26.33  2.71  32.17  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 2.52  2.22  2.19  2.34  3.13  0.13  2.73  
MnO 0.05  0.00  0.03  0.02  0.02  0.00  0.02  
MgO 1.14  1.42  1.54  1.37  2.06  0.21  1.50  
CaO 0.01  0.03  0.00  0.00  0.02  0.04  0.00  
Na2O 0.45  0.50  0.43  0.45  0.14  0.02  0.38  
K2O 9.57  9.69  10.36  9.55  9.05  0.72  10.36  
Total 87.31  87.63  92.17  91.67  82.40  8.44  93.00  
        
Cations        
Si 6.276  6.276  6.294  6.169  6.422  6.740  6.260  
Ti 0.041  0.041  0.014  0.041  0.047  0.041  0.035  
Al 5.228  5.207  5.226  5.412  4.833  4.712  5.218  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.308  0.271  0.253  0.271  0.408  0.157  0.314  
Mn 0.006  0.000  0.003  0.003  0.003  0.000  0.002  
Mg 0.249  0.309  0.317  0.284  0.479  0.453  0.307  
Ca 0.002  0.005  0.000  0.000  0.003  0.061  0.000  
Na 0.129  0.143  0.114  0.122  0.043  0.045  0.102  
K 1.787  1.801  1.831  1.691  1.797  1.352  1.819  
Total 14.027  14.051  14.052  13.991  14.034  13.561  14.057  
        
Formula        
Si 6.276  6.276  6.294  6.169  6.422  6.740  6.260  
Al 1.724  1.724  1.706  1.832  1.578  1.260  1.741  
Z 8.000  8.000  8.000  8.000  8.000  8.000  8.000  
Al 3.504  3.483  3.520  3.580  3.255  3.452  3.477  
Ti 0.041  0.041  0.014  0.041  0.047  0.041  0.035  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.308  0.271  0.253  0.271  0.408  0.157  0.314  
Mn 0.006  0.000  0.003  0.003  0.003  0.000  0.002  
Mg 0.249  0.309  0.317  0.284  0.479  0.453  0.307  
Y 4.109  4.103  4.107  4.179  4.192  4.104  4.136  
Ca 0.002  0.005  0.000  0.000  0.003  0.061  0.000  
Na 0.129  0.143  0.114  0.122  0.043  0.045  0.102  
K 1.787  1.801  1.831  1.691  1.797  1.352  1.819  
X 1.918  1.948  1.945  1.813  1.842  1.457  1.921  
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MB09FM-12--------------(Continued) 
Oxides        
SiO2 
 
45.08  46.16  45.62  44.56  46.24  45.98  45.69  
TiO2 0.57  0.54  0.56  0.59  0.57  0.49  0.14  
Al2O3 31.70  30.62  30.72  30.59  31.45  31.90  33.14  
Cr2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00  0.00  
FeO 2.52  2.89  3.19  2.60  2.32  2.78  2.04  
MnO 0.00  0.01  0.00  0.01  0.00  0.01  0.03  
MgO 1.55  1.67  1.96  1.62  1.85  1.89  1.55  
CaO 0.00  0.00  0.00  0.00  0.00  0.00  0.00  
Na2O 0.39  0.24  0.27  0.37  0.44  0.33  0.45  
K2O 10.34  10.13  9.34  9.91  10.40  10.05  9.91  
Total 92.15  92.26  91.67  90.27  93.27  93.43  92.95  
        
Cations        
Si 6.259  6.392  6.343  6.309  6.330  6.284  6.244  
Ti 0.059  0.056  0.059  0.063  0.059  0.050  0.015  
Al 5.188  4.998  5.035  5.105  5.074  5.139  5.338  
Cr 0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.292  0.334  0.371  0.308  0.266  0.318  0.233  
Mn 0.000  0.002  0.000  0.002  0.000  0.001  0.003  
Mg 0.322  0.344  0.407  0.343  0.377  0.386  0.315  
Ca 0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Na 0.104  0.065  0.073  0.103  0.118  0.088  0.121  
K 1.832  1.789  1.657  1.789  1.816  1.753  1.728  
Total 14.055  13.980  13.945  14.021  14.040  14.017  13.997  
        
Formula        
Si 6.259  6.392  6.343  6.309  6.330  6.284  6.244  
Al 1.741  1.608  1.657  1.691  1.670  1.716  1.756  
Z 8.000  8.000  8.000  8.000  8.000  8.000  8.000  
Al 3.447  3.390  3.379  3.414  3.405  3.422  3.582  
Ti 0.059  0.056  0.059  0.063  0.059  0.050  0.015  
Fe3+ 0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Fe2+ 0.292  0.334  0.371  0.308  0.266  0.318  0.233  
Mn 0.000  0.002  0.000  0.002  0.000  0.001  0.003  
Mg 0.322  0.344  0.407  0.343  0.377  0.386  0.315  
Y 4.120  4.126  4.215  4.129  4.107  4.177  4.148  
Ca 0.000  0.000  0.000  0.000  0.000  0.000  0.000  
Na 0.104  0.065  0.073  0.103  0.118  0.088  0.121  
K 1.832  1.789  1.657  1.789  1.816  1.753  1.728  
X 1.935  1.854  1.730  1.892  1.933  1.841  1.849  
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MB09FM-13 
Oxides      
SiO2 59.40 41.00 43.86 40.91 41.21 
TiO2 0.01 0.01 0.12 0.68 0.66 
Al2O3 17.08 10.37 18.37 30.63 30.71 
Cr2O3 0.00 0.00 0.00 0.00 0.00 
Fe2O3 0.00 0.00 0.00 0.00 0.00 
FeO 0.22 0.62 3.54 2.74 2.71 
MnO 0.06 0.00 0.05 0.01 0.00 
MgO 0.01 0.02 1.73 0.63 0.64 
CaO 0.03 0.06 0.11 0.00 0.04 
Na2O 10.27 4.74 0.25 0.68 0.63 
K2O 0.04 0.07 6.13 9.34 9.32 
Total 87.12 56.88 74.15 85.61 85.92 
      
Cations      
Si 8.204 8.542 7.410 6.129 6.146 
Ti 0.002 0.001 0.015 0.076 0.074 
Al 2.781 2.546 3.658 5.408 5.398 
Cr 0.000 0.000 0.000 0.000 0.000 
Fe3+ 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.026 0.108 0.500 0.344 0.338 
Mn 0.007 0.000 0.007 0.002 0.000 
Mg 0.001 0.006 0.436 0.140 0.142 
Ca 0.004 0.013 0.020 0.000 0.006 
Na 2.750 1.916 0.083 0.198 0.184 
K 0.008 0.018 1.320 1.785 1.773 
Total 13.783 13.151 13.448 14.082 14.060 
      
Formula      
Si 8.204 8.542 7.410 6.129 6.146 
Al (0.204) (0.542) 0.590 1.871 1.854 
Z 8.000 8.000 8.000 8.000 8.000 
Al 2.781 2.546 3.068 3.538 3.544 
Ti 0.002 0.001 0.015 0.076 0.074 
Fe3+ 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.026 0.108 0.500 0.344 0.338 
Mn 0.007 0.000 0.007 0.002 0.000 
Mg 0.001 0.006 0.436 0.140 0.142 
Y 2.817 2.662 4.025 4.099 4.097 
Ca 0.004 0.013 0.020 0.000 0.006 
Na 2.750 1.916 0.083 0.198 0.184 
K 0.008 0.018 1.320 1.785 1.773 
X 2.762 1.948 1.423 1.983 1.962 
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Appendix K: Funeral Mountains Zircon (U-Th)/He data (October 08) - Analyzed by D. 
Stockli and R. Kislitsyn, University of Kansas 
Sample 
Age  
Ma ±  Ma 
U  
ppm 
Th  
ppm Th/U 
He  
ncc/mg 
Mass 
 mg Ft stddev 
 
MB07FM8-1 
 
6.4 
 
0.5 
 
71.2 
 
16.0 
 
0.2 
 
1.87 
 
2.8 
 
0.73 
 
MB07FM8-2 10.2 0.8 86.5 74.3 0.9 4.07 2.7 0.71  
MB07FM8-3 8.0 0.6 135.3 58.6 0.4 4.89 4.7 0.76  
MB07FM8 8.2 0.7 97.7 49.6 0.5 3.6 3.4 0.7 1.9 
MB07FM10-1 7.7 0.6 140.2 44.3 0.3 4.60 3.2 0.73  
MB07FM10-2 10.5 0.8 493.5 268.2 0.5 22.90 3.5 0.73  
MB07FM10-3 8.9 0.7 223.0 46.0 0.2 8.06 2.7 0.72  
MB07FM10 9.0 0.7 285.6 119.5 0.4 11.9 3.1 0.7 1.4 
MB07FM13-1 8.2 0.7 113.4 40.6 0.4 4.20 5.8 0.78  
MB07FM13-2 7.7 0.6 58.5 17.5 0.3 2.03 5.4 0.78  
MB07FM13-3 9.5 0.8 249.2 151.5 0.6 11.00 4.5 0.75  
MB07FM13 8.5 0.7 140.4 69.9 0.4 5.7 5.2 0.8 0.9 
MB07FM15-1 10.2 0.8 142.7 38.8 0.3 6.45 5.8 0.77  
MB07FM15-2 10.8 0.9 317.8 120.6 0.4 14.56 3.1 0.72  
MB07FM15-3 11.8 0.9 51.7 20.7 0.4 2.65 3.4 0.74  
MB07FM15 10.9 0.9 170.7 60.0 0.4 7.9 4.1 0.7 0.8 
MB07FM21-1 85.0 6.8 133.6 109.2 0.8 57.49 7.8 0.78  
MB07FM21-2 81.0 6.5 121.5 176.5 1.5 56.77 8.7 0.79  
MB07FM21-3 87.9 7.0 132.4 92.0 0.7 58.76 11.5 0.80  
MB07F21 84.6 6.8 129.2 125.9 1.0 57.7 9.3 0.8 3.4 
MB07FM24-1 53.5 5.9 626.4 389.9 0.6 191.87 6.7 0.78  
MB07FM24-2 53.8 4.3 629.1 203.5 0.3 151.12 5.7 0.77  
MB07FM24-3 50.8 4.1 616.4 370.1 0.6 139.89 3.4 0.72  
MB07FM24 52.7 4.7 623.9 321.2 0.5 161.0 5.3 0.8 1.6 
MB07FM26-1 60.7 4.9 173.5 56.6 0.3 48.18 6.3 0.79  
MB07FM26-2 64.4 6.8 80.9 38.9 0.5 24.29 6.7 0.78  
MB07FM26-3 65.4 5.2 223.8 81.6 0.4 67.46 6.6 0.78  
MB07FM26 63.5 5.6 159.4 59.0 0.4 46.6 6.5 0.8 2.5 
MB07FM27-1 33.0 2.6 180.4 28.6 0.2 23.57 2.5 0.71  
MB07FM27-2 43.3 3.5 166.8 38.7 0.2 30.56 3.5 0.74  
MB07FM27-3 32.4 1.8 110.7 40.5 0.4 14.99 1.9 0.69  
MB07FM27 36.2 2.6 152.6 36.0 0.3 23.0 2.6 0.7 6.1 
MB07FM29-1 15.2 2.0 80.6 134.7 1.7 7.64 6.0 0.76  
MB07FM29-2 17.1 1.4 150.5 127.6 0.8 12.42 4.0 0.74  
MB07FM29-3 16.1 1.3 300.8 226.0 0.8 22.57 3.9 0.73  
MB07FM29 16.2 1.6 177.3 162.7 1.1 14.2 4.6 0.7 1.0 
MB07FM38-1 7.1 0.6 70.0 23.7 0.3 2.33 10.9 0.81 
 
MB07FM38-2 9.3 0.7 203.6 35.1 0.2 8.32 7.4 0.79  
MB07FM38-3 8.5 0.7 97.3 24.7 0.3 3.84 10.2 0.81  
MB07FM38 8.3 0.7 123.7 27.9 0.3 4.8 9.5 0.8 1.1 
 
MB07FM43-1 8.2 0.7 147.0 35.5 0.2 5.11 3.5 0.74  
MB07FM43-2 8.6 6.9 2.1 3.2 1.5 1.06 6.8 0.78  
MB07FM43-3 8.7 0.7 411.9 52.4 0.1 14.34 3.4 0.72 
 
MB07FM43 8.5 0.7 279.4 44.0 0.2 9.7 3.5 0.7 0.3 
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Appendix K--------------(Continued) 
Funeral Mountains Zircon (U-Th)/He data (July 2010) - Analyzed by D. Stockli and R. 
Kislitsyn at the University of Kansas 
Sample Age Ma ±  Ma 
U 
ppm 
Th 
ppm Th/U 
He 
ncc/mg 
mass 
mg Ft stddev 
          
MB09FM9-1 7.9 0.6 30.2 12.7 0.33 1.12 7.6 0.79  
MB09FM9-2 7.7 0.6 117.5 27.1 0.94 3.98 5.6 0.78  
MB09FM9-3 6.8 0.5 164.0 30.4 1.06 4.79 4.5 0.76  
MB09FM9 7.4 0.6 103.9 23.4 0.8 3.3 5.9 0.78 0.5 
MB09FM8-1 8.5 0.7 48.0 39.8 0.34 1.99 4.9 0.76  
MB09FM8-2 9.7 0.8 68.4 9.4 0.60 2.88 6.1 0.78  
MB09FM8-3 9.0 0.7 78.0 15.6 1.42 3.25 12.7 0.82  
MB09FM8 9.0 0.7 64.8 21.6 0.8 2.7 7.9 0.79 0.6 
MB07FM34-1 7.9 0.6 93.5 30.6 0.53 3.19 3.9 0.74  
MB07FM34-2 12.0 1.0 140.4 55.5 0.65 7.18 3.2 0.72  
MB07FM34-3 7.9 0.6 47.3 34.8 0.36 1.81 5.3 0.76  
MB07FM34 9.3 0.7 93.8 40.3 0.5 4.1 4.2 0.74 2.3 
MB09FM2-1 227.9 18.2 56.7 49.2 0.31 62.66 3.8 0.74  
MB09FM2-2 101.6 8.1 102.7 105.6 0.78 53.77 5.3 0.76  
MB09FM2-3 442.7 35.4 114.9 41.0 1.43 246.55 8.7 0.80  
MB09FM2 257.4 20.6 91.4 65.3 0.8 121.0 5.9 0.77 172.5 
MB09FM15-1 7.8 0.6 48.3 22.0 0.29 1.68 4.2 0.75  
MB09FM15-2 10.0 0.8 21.1 4.3 0.10 0.87 3.3 0.73  
MB09FM15 8.9 0.7 34.7 13.1 0.2 1.3 3.8 0.74 1.6 
MB09FM10-1 8.5 0.7 69.8 28.1 1.44 2.92 14.5 0.83  
MB09FM10-2 7.9 0.6 63.8 27.1 0.72 2.37 7.9 0.79  
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